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TOPICAL R E P O R T  
DEVELOPMENT OF SEAL RING CARBON-GRAPHITE MATERIALS 
(TASKS I AND 11) 
N. J. Fechter  and P ,  S. Petrunich 
ABSTRACT 
Four ma te r i a l  formulations, f rom which seal  ring 
carbon-graphite bodies with a performance goal of 3000 
hours  life a t  a i r  tempera tures  to 1300" F a r e  to be produced, 
were  ultimately developed after preparation and charac ter -  
ization of twelve mater ia l  sys tems and forty- sevenmater  ia% 
subsystems. The ma te r i a l  sys tems and subsystems em-  
ployed four particulate and four binder raw mater ia l s  
selected af ter  a l i te ra ture  search. Experimental resu l t s  
have shown: 
( 1 )  The oxidation ra te  of carbon-graphite bodies 
baked to  2800°C and prepared with a particulate system 
which contains a high concentration of relatively pure graph- 
i te  i s  significantly lower than that of a commercial  grade 
typical of cu r ren t  practice,  
( 2 )  The strength and hardness  of these mater ia l s  a r e  
lower than that of the commercial  grade. 
- (3) The phenolic r e s in  and coal t a r  pitch studied were 
m o r e  effective a s  binders than the furfuryl alcohol and poly- 
phenylene sulfide r e  sin. 
(4) "Graphite" f ibers  can be used a s  an admixture 
for  strengthening compacts prepared with an artificial  
graphite fi l ler.  
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SECTPON I 
SUMMARY 
The purpose of this Contract is  to develop a carbon-graphite sea l  r ing 
material  which will have a 3000 hour life while exposed to ambient a i r  t e m -  
pera tures  up to 1300°F. The carbon-graphite mater ia l  is  being developed for  
use a s  a self-acting sea l  in advanced gas turbine engines, This Topical Report  
covers  Tasks I and I1 of the Contract. Task I includes a l i te ra ture  sea rch  for 
information relevant to carbon-graphite mater ia l s  for high-temperature s e a l  
r ing applications; selection of four particulate and four binder raw mater ia l s  
for experimental studies;  and the selection, preparation, and screen  testing 
of up to twelve mater ia l  sys tems or subsystems,  The resu l t s  of Task I were  
used to select  four approaches to the manufacture of s e a l  ring carbon-graphite 
bodies under Task 11, 
The high operating a i r  temperatures  require  high oxidation res i s tance  
for the sea l  ring. A survey of the l i te ra ture  indicated that the most oxidation 
res i s tan t  carbon-graphite bodies a r e  produced by graphitizing formed a r t i c l e s  
which contain a high concentration of high purity graphite fi l ler and an oxida- 
tion inhibitor. The oxidation resis tance of the porous sea l  ring body can be 
further increased by impregnation with oxidation inhibiting treatments.  
Since self acting sea ls  experience relatively high speed sliding contact 
during limited periods of operation, good wear res i s tance  i s  a lso a r equ i re -  
ment. A l i te ra ture  sea rch  revealed that the inclusion of low conc:entrations of 
"hard" carbons such a s  furnace black and particulate glassy carbon with the 
particulate graphite produces mater ial  with good load carrying capacity and 
wear resis tance,  The addition of furnace black reportedly increases  the 
strength and reduces the anisotropy of bulk graphite, The use of graphites of 
fine particle s ize a l so  impar ts  strength to a carbon-graphite body. While no 
goal has  been established for strength, the operating p res su res ,  dimensional 
stability requirements ,  and the configuration of the sea l  ring ( 7 -  12 inches in 
diameter - 112 inch thick - . 020  inch dam widths) require  mater ial  with the 
maximum s trength  cons i s ten t  with high oxidation resis tance and  good wear 
res i s tance ,  
B i n d e r s  a l s o  p lay  an i m p o r t a n t  r o l e  in  p roduc ing  s t r o n g ,  ox ida t ion  
r e s i s t a n t ,  c a r b o n - g r a p h i t e  c o m p o s i t e s .  I i e s i d e s  the c o m m o n l y  used  c o a l  t a r  
p i t ch  b i n d e r ,  f u r f u r y l  a l c o h o l  a n d  pheno l i c  r e s i n  b i n d e r s  h a v e  b e e n  found t o  
p r o d u c e  s t r o n g  c a r b o n - g r a p h i t e  m a t e r i a l s .  T h e  u s e  of t h e s e  two t y p e s  of 
r e s i n  h a s  r e s u l t e d  in  the f o r m a t i o n  of c o m p a c t s  of r e l a t i v e l y  low p o r o s i t y  
wh ich  should  i m p r o v e  oxida t ion  r e s i s t a n c e .  Po lypheny lene  su l f ide  r e s i n  a l s o  
a p p e a r e d  t o  b e  a po ten t i a l l y  p r o m i s i n g  c a r b o n  b i n d e r  s i n c e  t h i s  m a t e r i a l  has 
a h i g h  t h e o r e t i c a l  c a r b o n  c o n t e n t  a n d  l e a v e s  a l a r g e  r e s i d u e  a f t e r  p y r o l y s i s .  
B a s e d  on the  l i t e r a t u r e  s u r v e y ,  the  fo l lowing  p a r t i c u l a t e  and  b i n d e r  
r a w  m a t e r i a l s  w e r e  in i t i a l l y  s e l e c t e d  f o r  e x p e r i m e n t a l  eva lua t ion  d u r i n g  
T a s k  I: 
Union C a r b i d e  C o r p o r a t i o n  G r a d e  C H P  a r t i f i c i a l  g r a p h i t e  
Union C a r b i d e  C o r p o r a t i o n  G r a d e  A S 0  n a t u r a l  g r a p h i t e  
C o m m e r c i a l  So lven t s  C o r p o r a t i o n  T h e r m a x  f u r n a c e  b l a c k  
Lockheed  C o m p a n y  LMSC G l a s s y  c a r b o n  
B a r r e t t  No. 30  m e d i u m  c o a l  t a r  p i t ch  
B a k e l i t e  B R P - 5 0 9 5  pheno l - fo rma ldehyde  r e s i n  
V a r c u m  825 1 f u r f u r y l  a l coho l  r e s i n  
Ry ton  polyphenylene  su l f ide  r e s i n .  
L a t e r ,  a f i b e r  p r e p a r e d  f r o m  Union C a r b i d e  C o r p o r a t i o n  G r a d e  W C A  g r a p h i t e  
c lo th  w a s  added  t o  the  l i s t  of s e l e c t e d  r a w  m a t e r i a l s .  
Twe lve  m a t e r i a l  s y s t e m s  wh ich  employed  the  s e l e c t e d  r a w  m a t e r i a l s  
w e r e  a p p r o v e d  f o r  s c r e e n  t e s t i ng .  T h e  s e l e c t e d  f i l l e r  s y s t e m s  u s u a l l y  c o n -  
t a ined  8 0  pbw ( p a r t s  by we igh t )  of g r a p h i t e  and  20 pbw of e i t h e r  f u r n a c e  b l a c k  
o r  g r a p h i t e  f i b e r s .  S o m e  of the  s y s t e m s  i n c o r p o r a t e d  g round  g l a s s y  c a r b o n  
o r  b o r o n  c a r b i d e  add i t i ves  f o r  i n c r e a s i n g  w e a r  a n d  oxida t ion  r e s i s t a n c e ,  r e -  
s p e c t i v e l y .  The  twelve  m a t e r i a l  s y s t e m s  w e r e  d e s i g n e d  to  inc lude  a n  e v a l u -  
a t i o n  of the  e f f e c t i v e n e s s  of t he  f o u r  b i n d e r  r a w  m a t e r i a l s .  P r o c e s s i n g  
t echn iques  w e r e  b a s e d  p r i m a r i l y  on the  r e q u i r e m e n t s  of the  b i n d e r  u s e d .  
The  in i t i a l  c o m p a c t s  p roduced  wi th  the twelve  m a t e r i a l  s y s t e m s  by  
u s i n g  a technique  f o r  e s t i m a t i n g  a n  o p t i m u m  b i n d e r  l e v e l  w e r e  found to  b e  too 
w e a k  f o r  u s e  a s  s e a l  r i n g s .  Subsequen t ly ,  f o r t y - s e v e n  m a t e r i a l  s u b s y s t e m s  
w e r e  s tudied  t o  d e t e r m i n e  the  e f f e c t s  of c h a n g e s  in  b i n d e r  l e v e l ,  bak ing  
s c h e d u l e ,  and  mold ing  t e m p e r a t u r e  on the  p h y s i c a l  p r o p e r  t i e s  of c o m p a c t s  
baked  to  g raph i t i z ing  t e m p e r a t u r e  (2800"  C ) .  T h e  s u b s y s  t e m s  s tudy  w a s  u s e d  
t o  o p t i m i z e  the twelve  m a t e r i a l  s y s t e m s .  
F i n a l  s c r e e n i n g  t e s t s  showed t h a t  the 1 3 0 0 ° F  oxidat ion r a t e s  of all b u t  
one of t h e  op t imized  m a t e r i a l  s y s t e m s  w e r e  be tween  six a n d  s e v e n t e e n  t i m e s  
l o w e r  than  t h a t  of c o m m e r c i a l  s e a l  r i n g  G r a d e  CDJ. In t roduc t ion  of s e l e c t e d  
i m p r e g n a n t s  in to  t h e s e  m a t e r i a l  s y s  t e m s  r e d u c e d  oxida t ion  r a t e s  a p p r o x i -  
m a t e l y  tenfold,  w h e r e a s  t h a t  of G r a d e  C D J w a s  r e d u c e d  l e s s  than  th ree fo ld ,  
T h e  m a x i m u m  f l e x u r a l  s t r e n g t h  obta ined  wi th  s a m p l e s  f r o m  t h e  m a t e r i a l  
s y s t e m s  w a s  4000 p s i ,  t h a t  of c o m p a r a b l e  s a m p l e s  of G r a d e  C D J  w a s  7700 ps i .  
Bo th  the No. 30 p i t ch  and  B R P - 5 0 9 5  r e s i n  b i n d e r s  p r o d u c e d  s t r o n g e r ,  h a r d e r ,  
m o r e  oxidat ion r e s i s t a n t  c o m p a c t s  t han  the  o the r  two r e s i n s .  Of the  f o u r  e v a l -  
ua t ed ,  t he  B R P - 5 0 9 5  r e s i n  a p p e a r s  to  b e  the b e s t  o v e r a l l  b i n d e r  f o r  s e a l  r i n g  
bod ie s .  C o m p a c t s  e m p l o y i n g  G r a d e  WCA f i b e r  as a m i n o r  f i l l e r  c o m p o n e n t  
had  a h i g h  s t r e n g t h  and  s t r e n g t h - t o  -we igh t  r a t i o .  T h e  add i t i on  of g l a s s y  c a r  - 
bon  t o  one  of the  p i t ch  bonded m a t e r i a l  s y s t e m s  a p p e a r e d  to  i m p r o v e  s t r e n g t h .  
B a s e d  on the  e x p e r i m e n t a l  r e s u l t s  of T a s k  I, f o u r  a p p r o a c h e s  f o r  the  
p r o c e s s i n g  of c a r b o n - g r a p h i t e  s e a l  r i n g  b o d i e s  w e r e  s e l e c t e d  d u r i n g  T a s k  11. 
A t t e m p t s  w i l l  b e  m a d e  t o  f u r t h e r  i n c r e a s e  oxida t ion  r e s i s t a n c e ,  w e a r  r e s i s t -  
a n c e ,  and  s t r e n g t h  by  w o r k i n g  wi th  t h e s e  f o u r  m a t e r i a l  f o r m u l a t i o n s  d u r i n g  
T a s k  111. The  c h e m i c a l ,  p h y s i c a l ,  and  w e a r  p r o p e r t i e s  of the  m a t e r i a l s  m a n u -  
f a c t u r e d  d u r i n g  T a s k  I11 wi l l  b e  c h a r a c t e r i z e d  d u r i n g  T a s k  IV. 
SECTION I1 
INTRODUCTION 
The use  of carbon a s  a seal  ring ma te r i a l  dates  back to the ea r ly  1930's 
when mechanical sea ls  began to replace packings in automobile water pumps. 
Little progress  was made in improving carbon sea l  ring mater ia l s  until the 
chemical and petroleum industries began to requi re  seals  which could withstand 
high p r e s s u r e s  and tempera tures  in corrosive environments. The need for  im-  
proved ma te r i a l s  which would perform under these m o r e  stringent ope rating 
conditions caused a number of companies to  specialize in the manufacture of 
carbon-graphite sea l  rings. This specialization has advanced sea l  technology 
a t  a m o r e  rapid rate. 
Introduction of the turbine a i r c ra f t  engine has produced sealing prob- 
l e m s  so severe  that carbon-graphite i s  one of the few engineering ma te r i a l s  
which can mee t  the requirements  of this application. The carbon-graphite 
sea ls  used in gas  turbine engines can operate a t  sealed gas tempera tures  up i 
to 800°F and a t  speeds a s  high a s  350 f t / sec .  (2)" TO assu re  reliability, 
sealed gas p r e s s u r e s  a r e  not more  than 125 psi.(% 
There a r e  many reasons for  carbon-graphite bodies becoming impor-  
tant a s  a sea l  r ' ingmaterial ,  particularly in the aerospace industry. Carbon- 
graphite ma te r i a l s  a r e  self lubricating under mos t  conditions; they have high 
strength per unit weight, corrosion resis tance,  thermal  shock r e s i s t a ~ e e ,  
and dimensional stability a t  elevated temperatures .  At 1200°F, earbon- 
graphite i s  superior  to most  engineering ma te r i a l s  in strength-to-weight 
ratio, With no oil lubrication, carbon-graphite mater ia l s  can rub against  
meta ls ,  ce ramics ,  or themselves without galling or seizing. The non-galling 
property exis ts  a t  temperatures  ranging f rom those encountered in. cryogenic 
applications to  those bordering the softening poi-nt of heatdre sistant metals .  (2) 
Introduction of the gas  turbine engine has produced very severe  sea l  
operating conditions; and operating conditions will become more  severe  a s  gas  
tempera tures  and sea-1 sl idihg speeds increase,  Increased t empera tures  
.L ,,-
Denotes Reference Number 
r e su l t  f r o m  higher flight speeds or  higher gas t e r n p e r a t u ~ e s  to i-mprove engine 
efficiency; increased seal  sliding speeds a r e  the resul t  of l a r g e r  engines, 
Contact type seals  with carbon-graphite sea l  rings a r e  used in many cu r ren t  
gas  turbine engines, However, the l imited p r e s s w e ,  speed, and tempera ture  
capability of the contact seal  r e s t r i c t s  this  use to operation below 125 ps i  
sealed p res su re  differential, 350 f t / sec .  sliding speed, and 800°F sealed gas  
tempera ture ,  F o r  m o r e  severe  operating conditions labyrinth seals  a r e  used, 
The labyrinth sea l  systems have higher gas  leakage than contact sea ls  and, 
therefore,  contribute to eas i e r  passage of debris  and to grea ter  Posses i n  
engine efficiency. 
Recent studies have produced a face seal  with self-acting lift augmeq- 
tation. This seal operates  without rubbing contact (except a t  s t a r t  and stop);  
therefore,  i t  has  higher p res su re ,  speed, and tempera ture  capability than a 
conventional face contact seal. F o r  this new generation of sea ls ,  pads a r e  
machined on the seal  face which, during engine operation, act  a s  a thrus t  
bearing and cause the seal  to lift off the sea l  seat and ride on a thin gas  film. (4) 
The sea l  with self-acting lift augmentation ideally will experience mechanical 
wear  only during s tar t -up and shut-down of the engine. However, momentary  
periods of high speed sliding contact can occur because of the close dimen- 
sional tolerances associated with the thin gas  films. Therefore,  the 
importance of wear resis tance cannot be neglected when a carbon-graphite 
formulation i s  developed for use  a s  a self-actir-g sea l  ring mater ial .  High 
hardness ,  strength, and modulus, together with the proper  selection of 
impregnants  and matirig mater ia l s ,  a r e  necessary  for  producing wear r e -  
s is tant  carbon-graphite sea l  ring mater ia l s .  '9 Increased oxidation res i s tance  
will become a ma jo r  requirement of carbon-graphite seal rings a s  engine gas 
tempera tures  r i s e  to 1200" F and above, Development of improved carbon- 
graphite sea l  ring mater ia l s  which can operate ip ambient a i r  tempera tures  
up to 1 3 0 0 " ~  for 3000 hours  will make feasible sea l  designs which will con- 
tribute to improvements in engine performance. 
Conventional carbon-graphite seal  ring mater ia l s  a r e  prepared by 
m i x i n g  selected s i z e s  and types of c a ~ b o n  and gr.aph7tr fillers w i t h  a b i n d e r  
such a s  coal t a r  pitch, The mixtures  a r e  formed into cornpacts and baked to 
various tempera tures  which a r e  adjusted to produce the desired physical 
propert ies  of the finished material .  Usually, the finished carbon-graphite 
seal  ring contains additives or impregnants which help the seal to m e e t  par -  
t icular performance requirements  (e. g., oxidation resis tance) .  Specific 
raw mate r i a l s  or  processing techniques a r e  employed to obtain des i red  
propert ies  of the finished carbon-graphite mater ial .  Detailed descr ipt ions 
of the raw mate r i a l s  and processes  employed specifically for the preparation 
of carbon-graphite seal  r ings  a r e  not available in the l i terature .  
ThisT.opicalReport covers  Tasks I and I1 of the Contract. The scope 
of work for  Task I includes both l i te ra ture  and bench scale studies of raw 
mate r i a l s  and processing methods for  carbon-graphite mater ials .  The ex- 
perience gained during Task  I was used to select four approaches to the 
manufacture of sea l  ring carbon-graphite bodies required during Task 11. 
The four formulations weEe selected a s  the bes t  candidates to mee t  the per -  
formance requirements  of 3000 hours life a t  ambient a i r  tempera tures  up to 
1300°F. 
SECTION TLI 
CONCLUSIONS 
(1)  Carbon-graphi te  ma te r i a l s  baked to 2800°C which contain a high 
pur i ty  graphi te  a s  a major  f i l l e r  consti tuent have significantly lower oxida-  
tion r a t e s  than that  of commerc i a l  s e a l  r i ng  Grade CDJ. The f lexural  s t reng th  
and h a r d n e s s  of these  compacts  a r e  lower  than those of Grade CDJ. Grade  CDJ, 
which i s  manufactured by the Union Carbide Corporat ion,  i s  widely used a s  a 
s e a l  r ing  ma te r i a l  in turbine engines powering commerc i a l  a i r c r a f t ,  
( 2 )  A high pur i ty  a r t i f i c ia l  graphi te  f i l l e r  (Grade  CHP) produced a 
compact  with be t te r  oxidation r e s i s t ance  than tha t  of a s im i l a r  m a t e r i a l  made  
with a high pur i ty  na tura l  graphi te  (Grade ASO), 
( 3 )  When used a s  a minor f i l ler  component,  graphi te  f i be r s  s t reng then  
compacts  p repared  f r o m  Grade  CHP ar t i f i c ia l  graphi te  f i l l e r .  Graphi te  f i b e r s  
p repared  f r o m  Grade  WCA cloth produced a compac t  with s t rength  equivalent  
to that  of a s i m i l a r  compac t  in which The rmax  ca rbon  black was substi tuted 
for the f i be r s .  The s t rength- to-weight  r a t i o  of the ma te r i a l  p repared  with 
f ibers  w a s  higher  than that  of the ma te r i a l  p r epa red  with Thermax.  
( 4 )  Bakeli te BRP-5095 phenol-formaldehyde r e s i n  had a higher coking 
value than No. 30 medium pitch and produced the h ighes t  s t rength  ca rbon -  
graphi te  m a t e r i a l s  p rocessed  dur ing the sc reen ing  s tudies  port ion of T a s k  I. 
(5) The addition of boron carb ide  to a carbon-graphi te  ma te r i a l  p r i o r  
to forming can cause  subsequent degradation of the oxidation r e s i s t ance  o r  
the s t reng th  of the resu l t ing  compacts .  
R E C O M M E N D A T I O N S  
B a s e d  on e x p e r i e n c e  ga ined  f r o m  the  a n a l y s e s  of twelve  m a t e r i a l  s y s  - 
t e m s  and  f o r t y  - s e v e n  s u b s y s t e m s ,  the  fol lowing f o u r  m a t e r i a l  f o r m u l a t i o n s  
a r e  r e c o m m e n d e d  f o r  t he  m a n u f a c t u r e  of c a r b o n - g r a p h i t e  s e a l  r i n g  b o d i e s  ' 
d u r i n g  T a s k  111. 
F o r  m u l a t i o n  P a r t i c u l a t e  Sol id B i n d e r  Raw 
N o. R a w  M a t e r i a l  Addi t ive  M a t e r i a l  
1 C H P  A r t i f i c i a l  G r a p h i t e  - - - No. 30 M e d i u m  
(80  pbw) T h e r m a x  (20  pbw) P i t c h  ( 6 0  pph)  
2 C H P  A r t i f i c i a l  G r a p h i t e  G l a s s y  C a r b o n  No. 30 M e d i u m  
(80 pbw) T h e r m a x  (20  pbw) (5  pbw) P i t c h  ( 6 0  pph)  
3 C H P  A r t i f i c i a l  G r a p h i t e  - - -  B a k e l i t e  BRP-5095 
(80  pbw) T h e r m a x  (20  pbw) P h e n o l i c  R e s i n  
(58 pph)  
4 C H P  A r t i f i c i a l  G r a p h i t e  - - - B a k e l i t e  BRP-5095 
(80  ~ b w )  WCA F i b e r s  (20  pbw) P h e n o l i c  R e s i n  
(67 .  5 P P ~ )  
Note: F i n a l  B a k e  T e m p e r a t u r e  = 2800" C  
P r o p o r t i o n s  a r e  p a r t s  b y  w e i g h t  (pbw) 
B i n d e r  p r o p o r t i o n s  a r e  p a r t s  (by  weight )  p e r  100 p a r t s  
( b y  we igh t )  p a r t i c u l a t e  s o l i c  r a w  m a t e r i a l s .  
SECTION V 
STUDY O F  C O N S T I T U E N T  V A R I A B L E S  
(CATEGORY 1 - - TASK I)  
Pa r t i cu l a t e  Solid Raw Mate r ia l s  
1 .  Graphi te  
A graphi te  c r y s t a l  h a s  a highly or iented l a y e r  s t r uc tu r e .  The 
l aye r  p lanes  cons i s t  of c lose ly  spaced ca rbon  a t o m s  held  together by s t r o n g  
valence bonds in a r egu l a r  hexagonal  a r r a y .  Success ive  planes  a r e  pa r a l l e l  
and held  together a t  well-defined d i s tances  by  re la t ive ly  weak van d e r  Waals  
f o r ce s .  In the c a s e  of graphi te ,  the hexagonal a r r a n g e m e n t  of c a rbon  a t o m s  
in a plane l ine  up d i rec t ly  with those in a l t e rna t ing  planes .  The s t r u c t u r e  of 
graphi te  accounts fo r  i t s  being a ve ry  anisot ropic  mate r ia l .  
F i g u r e  :, S t r u c t u r e  of Graph i t e  
G700253 
Graphite is one of the few single-phase mater ia l s  which exhibits 
good wear  qualities. At one t ime, the self-lubricating ability of graphite was 
attributed to the ease  of shearing the weak van der  Waals forces  between the 
layer  planes. However, more  recent  work has shown that absorbed gases  and 
(7 )  water vapor within the layer  latt ices produce the lubrication propert ies .  - 
Although graphite is  one of the weaker fo rms  of carbon, i t  has  the highest oxi- 
dation threshold temperature: graphite begins to oxidize in a i r  a t  842°F (450°C), 
(8)  whereas "amorphous" carbon s t a r t s  to oxidize a t  6 6 2 ° F  (350°C). - 
Many different types of particulate graphite a r e  commercial ly  
available, This r epor t  will divide the discussion of graphite f i l le rs  into three 
titled sections: Natural Graphite, Artificial Graphite, and P y r  olytic Graphite, 
As-deposited pyrolytic graphite i s  not so  crystall ine a s  either natural  or a r t i -  
ficial graphite. However, the crystall inity of some pyrolytic graphites that 
have been subjected to post-deposition hea t  t reatment  approaches that  of nat-  
ur a l  and ar t i f ic ial  graphite. Since pyr olytic graphite s with wide variations in 
degree of crystall inity have been produced, i t  i s  difficult to categorize this 
mater ia l  according to crystallinity. Therefore,  pyrolytic graphite a rb i t r a r i ly  
will be discussed under the graphite section. 
a .  Natural Graphite 
Natural graphites a r e  mined in different sections 
of the United States and in a number of foreign countries.  The various forms 
of na tura l  graphite include f lakes,  lumps, needles, and cryptocrys talline 
masses  r e fe r red  to a s  "amorphous graphite. I '  The form and proper t ies  of the 
graphite vary greatly depending on where i t  is  mined. After i t  has  been mined, 
the raw graphite is  mechanically processed to remove i t  f rom the metamorphic 
rock in which i t  is  found in nature.  Fur ther  purification is  achieved by subject-  
ing the graphite to multi-stage wet-chemical t reatments  with alkalis and acids.  
Subjecting a raw graphite with a carbon content of 20 percent to the mechanical 
and chemical purification processes  can produce a finished graphite with an 
( 9) ash level of 10 - 30 ppm. - 
Heind i  and  ~ o h l e r ' & ) m e a s u r  ed the 900" C ox i -  
da t ion  r a t e s  of 20 n a t u r a l  f l a k e  and  a m o r p h o u s  g r a p h i t e s  f r o m  e i g h t  f o r e i g n  
and t h r e e  d o m e s t i c  d e p o s i t s  i n  a n  a t t e m p t  to  e s t a b l i s h  the  m o s t  ox ida t ion  
r e s i s t a n t  n a t u r a l  g r a p h i t e  s o u r c e s .  T h e  l o w e s t  ox ida t ion  r a t e s  w e r e  o b s e r v e d  
wi th  M a d a g a s c a r ,  A l a b a m a ,  and  P e n n s y l v a n i a  f l a k e  g r a p h i t e s ,  L a r g e  d i f f e r -  
e n c e s  i n  oxidat ion r a t e s  w e r e  o b s e r v e d  a m o n g  M a d a g a s c a r  f l ake  g r a p h i t e s  
obta ined  f r o m  v a r i o u s  d e p o s i t s .  They  found t h a t  c o r r e l a t i o n  be tween  the  
o r i g i n  and  the  oxidat ion r a t e  of g r a p h i t e  i s  d i f f icu l t  o r  i m p o s s i b l e  s i n c e  i n f o r -  
m a t i o n  on  the  geologic  o r i g i n  of m o s t  g r a p h i t e  d e p o s i t s  i s  m e a g e r .  T h e y  a l s o  
conc luded  t h a t  the oxida t ion  r a t e  of g r a p h i t e  a p p e a r s  to  b e  a c h a r a c t e r i s t i c  
p r o p e r t y  t h a t  d o e s  n o t  depend on a n y  one of the  p h y s i c a l  o r  c h e m i c a l  p r o p e r  - 
t i e s  t hey  mon i to red ,  b u t  r a t h e r  on a c o m b i n a t i o n  of two o r  m o r e  p r o p e r t i e s  
o r  p o s s i b l y  on s o m e  f a c t o r  n o t  y e t  exp lo red .  F l a k e  g r a p h i t e s  wi th  a  c o m -  
p a r a t i v e l y  low a s h  con ten t  w e r e  found t o  oxid ize  m o r e  r a p i d l y  a f t e r  a n  
ex tended  p e r i o d  of e x p o s u r e  t o  oxygen than  t h o s e  wi th  a h i g h  a s h  l e v e l ,  
He ind l  and  M o h l e r  f e l t  t h a t  the  a s h  m i g h t  poss ib ly  b e  f o r m i n g  a  p r o t e c t i v e  
coa t ing  o v e r  the  g r a p h i t e  p a r t i c l e s  and ,  t hus ,  b e  r e t a r d i n g  oxidat ion.  T h e  
i n v e s t i g a t o r s  a l s o  noted t h a t  c o a r s e r  s i z e  f r a c t i o n s  oxid ized  a t  a c o n s i d e r -  
a b l y  s l o w e r  r a t e  than  did the  f ine  f ~ a c t i o n s  f r o m  the  s a m e  g r a p h i t e  d e p o s i t ,  
a n  o b s e r v a t i o n  c o n s i s t e n t  wi th  t h e  expec ted  i n c r e a s e  r e a c t i v i t y  of a h i g h e r  
s u r f a c e  a r e a  m a t e r i a l .  
G r o u p  C M F - 1 3  of the L o s  A l a m o s  Sc ien t i f i c  
L a b o r a t o r y  (LASL)  h a s  s tud ied  the  g r indab i l i t y  of v a r i o u s  graphihites.?-".@' 
Inc luded  in t h e i r  r e s e a r c h  w a s  a Cey lon  n a t u r a l  g r a p h i t e  wh ich  w a s  found 
to b e  v e r y  e a s y  to  g r ind :  the  Cey lon  n a t u r a l  g r a p h i t e  r e q u i r e d  only f ive  
p a s s e s  t h rough  a T r o s t  f l u i d - e n e r g y  m i l l  to r e d u c e  a l l  the  m a t e r i a l  to  a 
p a r t i c l e  s i z e  of l e s s  than  5p. An e x t r u d e d  p o l y c r y s t a l l i n e  m a n u f a c t u r e d  
g r a p h i t e ,  G r a d e  Y B F ,  p u r c h a s e d  f r o m  the  Union C a r b i d e  C o r p o r a t i o n ,  
C a r b o n  P r o d u c t s  Div is ion ,  r e q u i r e d  12 p a s s e s  to  a c h i e v e  the  s a m e  p a r t i c l e  
s i z e .  Af t e r  e a c h  p a s s  t h rough  the m i l l .  the Ceylon  n a t u r a l  g r a p h i t e  p a r t i c l e s  
w e r e  v e r y  a c i c u l a r  and s o m e w h a t  s h r e d d e d  in  a p p e a r a n c e ,  
A s  a cont inua t ron  of t h e i r  g r i n d i n g  r e s e a r c h ,  
LASL p r e p a r e d  h o t - m o l d e d  p i tch-bonded g r a p h i t e  d i s c s  f r o m  the f i l l e r  r n a t e -  
r i a l s  t hey  had  ground.  'u' T h e  o p t i m u m  b i n d e r  l e v e l  f o r  e a c h  f i l l e r  m a t e r i a l  
w a s  e s t i m a t e d  us ing  a  l u b r i c a n t - e v a p o r a t i o n  technique .  S ix  s p e c i m e n s  w e r e  
p r e p a r e d  f o r  wh ich  the  Cey lon  n a t u r a l  g r a p h i t e  w a s  u s e d  as the  f i l l e r  m a t e r i a l .  
One  of the  molded  s p e c i m e n s  conta ined  the  a s - r e c e i v e d  unground C e y l o n  n a t -  
u r a l  g r a p h i t e  f i l l e r  m a t e r i a l .  The  f ive  r e m a i n i n g  s p e c i m e n s  con ta ined  Cey lon  
n a t u r a l  g r a p h i t e  f i l l e r  m a t e r i a l s  t h a t  had  b e e n  p a s s e d  th rough  the T r o s t - f l u i d  
e n e r g y  mil1:one h a d  f i l l e r  m a t e r i a l s  t h a t  h a d  p a s s e d  once  th rough  t h e  m i l l ,  
a n o t h e r  the  f i l l e r  t h a t  h a d  p a s s e d  tw ice  th rough  the  m i l l ,  and  s o  on. T h e  
f i f th  s p e c i m e n ,  of c o u r s e ,  had  the  s m a l l e s t  p a r t i c l e  s i z e  f i l l e r  s i n c e  i t  h a d  
p a s s e d  th rough  the  m i l l  f i ve  t i m e s .  A l l  s i x  mo lded  s p e c i m e n s  expanded  
d u r i n g  g r a p h i t i z a t i o n ,  t he  expans ion  be ing  g r e a t e s t  f o r  t h o s e  m a d e  wi th  the  
c o a r s e s t  f i l l e r  m a t e r i a l .  T h e  d e n s i t y  of the g r a p h i t i z e d  s p e c i m e n  w h i c h  c o n -  
ta ined  the  unground Ceylon  n a t u r a l  g r a p h i t e  w a s  1. 952 g / c c ,  b u t  the d e n s i t i e s  
of the o t h e r  f ive  s p e c i m e n s  d e c r e a s e d  wi th  i n c r e a s i n g  f i n e n e s s  of f i l l e r  t o  a 
low of 1. 850 g / c c .  T h e  a p p a r e n t  d i s c r e p a n c y  be tween  the  c o a r s e r  f i l l e r  
s p e c i m e n s  e x p e r i e n c i n g  the l a r g e r  e x p a n s i o n  d u r i n g  g r a p h i t i z a t i o n  w h i l e  s t i l l  
p r o d u c i n g  the  h i g h e r  d e n s i t i e s  w a s  p r o b a b l y  c a u s e d  by  the v a r i a t i o n  in  the 
b i n d e r  l e v e l s  of the six molded  m a t e r i a l s .  I n  s p i t e  s f  con t inuous ly  d e c r e a s i n g  
dens i ty ,  the u s e  of p r o g r e s s i v e l y  f i n e r  n a t u r a l  g r a p h i t e  f i l l e r s  r e d u c e d  the  
n u m b e r  of i n t e r c o n n e c t e d  voids ,  and  the  r e m a i n i n g  i so l a t ed  vo ids  w e r e  p r o -  
g r e s s i v e l y  l e s s  d a m a g i n g  to  the m e c h a n i c a l  p r o p e r t i e s  of the  molded  s p e c i m e n s ,  
C r y s t a l l i n e  a n i s o t r o p y  w a s  h i g h  f o r  the  s p e c i m e n s  wh ich  con ta ined  unground  
n a t u r a l  g r a p h i t e  (cr o z / v  ox = 2 .  02 ,  M = 3 .  2 )  and  i t  i n c r e a s e d  s h a r p l y  w i t h  the  f i r s t  
r e d u c t i o n  ( f i r  s t  mill p a s s )  i n  f i l l e r  p a r t i c l e  s i z e  (u ,oz/cr ox = 3 .  45,  M = 7. 0 ) .  
C o n s i d e r a b l e  w o r k  h a s  b e e n  done  b y  L A S L  in 
developing  a c l a s  s of h igh ly  o r i en t ed  p o l y c r y  s  t a l l i ne  g r  aph i t e s .  P r e l i m i n a r y  
( i nves t iga t ions  @'  indicated t h a t  the m o s t  p r o m i s i n g  type of m a t e r i a l  f o r  in i t ia l  
d e v e l o p m e n t w a s  a h o t - m o l d e d ,  p i tch-bonded g r a p h i t e  m a d e  f r o m  n a t u r a l  f l a k e  
g r a p h i t e  and  c a r b o n  b l ack .  Sou thwes te rn  G r a p h i t e  C o m p a n y  G r a d e  165 1 n a t -  
ural g r a p h i t e  f l a k e s ,  T h e r  m a x  c a r b o n  b l a c k ,  and B a r r e t t  No,  30MW c o a l  t a r  
pi tch w e r e  mixed  toge the r  in v a r i o u s  c o m b i ~ a l i o n s .  ''h' While  u n d e r  p r e s s u r e  
in the mold, the mixes were heated to 9 0 0 D C  i n  an 18-hour cycle, followed b y  
graphitization a t  2800°C. By using the natural  graphite a s  the p r imary  fi l ler 
(80-90 percent  of the total f i l ler weight), LASL has  prodbced mater ia l s  with 
across-gra in  compressive strengths of 7000 to 8000 psi and with-grain flex- 
ura l  strengths approaching 5500 psi. These strengths a r e  of the magnitude 
found in conventional sea l  r ing mater ials .  
The fact  that natural  graphite can readily be 
reduced to a fine particle s ize  makes i t  a t t ract ive a s  a potential s ea l  r ingf i l le r  
material .  Fine particle s ize  f i l lers  help to strengthen a carbon-graphite ma - 
ter ia l  in two ways. Finer  natural graphite f i l ler  reduces the number of in t e r -  
connected voids which subsequently improves the mechanical proper t ies  of the 
molded mater ials .  Secondly, the natural  graphite par t ic les  tend to b reak  a t  
their weakest point a s  they a r e  milled causing the remaining sma l l e r  par t ic les  
to be progressively stronger a s  the reduction in particle s ize i s  continued. 
Although the use of an increasingly finer natural  graphite filler will increase  
the strength of a molded carbon-graphite mater ial ,  i t  a lso will increase  the 
anisotropy of the physical, thermal,  and chemical properties of the specimen. 
Therefore,  the trade-off between strength and anisotropy must  be considered 
in the formulation of a carbon-graphite sea l  ring material .  
b. Artificial Graphite 
The production of artif icial  g raph i t e '~ ' cons i s t s  
of mixing an organic particulate solid raw mater ial  with a carbonaceous 
binder, forming the mixture into green plugs, and firing the plugs in a two- 
stage bake to temperatures  of 2600°C and above. Petroleum coke i s  usually 
used a s  the particulate raw mater ial ,  since i t  i s  readily graphitizable and 
leaves a high-carbon residue when heated to elevated t e m p e ~ a t u r e s .  Likewise, 
a high-density, high-coking-value coal ta r  pitch i s  usually used a s  the binder 
mater ial  in the production of artif icial  graphite. Variations in the type of coke 
used or in the manufacturing processes  employed will arter the physical p ro -  
per t ies  of the final graphite product. 
Many different  types of pe t ro leum coke, such a s  
needle cokes  and air -blown cokes ,  to name  a few, a r e  commerc ia l ly  avai lable ,  
The raw coke i s  usually p r epa red  by the polymerization and dist i l lat ion of the 
volati les f r o m  heavy r e f i ne ry  oils .  This p roces s  yields raw coke with a c a r -  
bon content  of approximately  95 percent .  The raw coke m u s t  be  calcined a t  a 
t empe ra tu r e  of approximately  1300°C to d r ive  off and burn l a rge  amounts  of 
hydrocarbon gas and to p r e sh r ink  the coke s o  that  volume changes can  be con-  
trolled dur ing subsequent  p rocess ing  s teps .  The calcined coke i s  then c rushed  
and sc reened ,  and the d e s i r e d  par t i c le  s i z e s  a r e  se lected and blended together.  
Selection of the s i z e s  and shapes  of the coke par t i c les  i s  determined by the 
physical  p roper t i es  de s i r ed  for  the finished graphite product.  
Mixing of the coke pa r t i c l e s  and the coa l  t a r  
pi tch can  be  accomplished in a number  of d i f ferent  types of m ixe r s ,  The mix -  
ing operation usually u se s  some  s tandardized batch s i ze  and a specified length 
of t ime  to control  the physical  p rope r t i e s  of the graphite produced. To obtain 
a good pitch coating around the coke pa r t i c l e s  the mixing i s  usually c a r r i e d  out  
a t  t empe ra tu r e s  of 150°C to 170°C. At  these  t empe ra tu r e s  the viscosi ty  of the 
pitch i s  low enough to ge t  p roper  coating. 
Extrus ion o r  molding can be  used to f o r m  the 
pitch-coke mix ture  into g r een  plugs, bu t  the choice of the fo rming  technique 
affects the a l ignment  of the coke par t i c les  in the g r e e n  plugs. If extruded,  
the coke par t i c les  tend to l ine  up with the i r  longes t  d imensions  pa ra l l e l  to the 
di rect ion of the ex t rus ion  ax i s ,  When the g r een  plugs a r e  molded, the coke 
pa r t i c l e s  tend to l ine  up with thei r  longest  d imension perpendicular  to the 
molding fo rce  and the s h o r t e s t  dimension para l le l  to it. The a l ignment  of the 
coke pa r t i c l e s  c a u s e s  anisotropy in the physical  p rope r t i e s  of the finished 
graphite.  
Graphit ization of the g reen  plugs i s  accomplished 
in a two-stage bake.  In the f i r s t  s tage,  commonly r e f e r r e d  to a s  the gas  bake,  
the g r een  plugs a r e  packed with coke or  a sand-coke mixture  in a fu rnace  and 
carbonized a t  t empe ra tu r e s  ranging f r o m  7 5 0 ° C  to 1000°C, The packing ma-  
te r ia l  i s  needed to p reven t  the plugs f r o m  slumping as they a r e  heated lhrough 
the t empe ra tu r e  range dur ing wh ich  the pi tch is soft ,  A s  the t empe ra tu r e  
i n c r e a s e s  above 450°C,  the binder  becomes  r ig id  and the plugs begin to shr ink.  
Peak  t empe ra tu r e s  of the second -s tage  bake range  f r o m  2600" C to 380O0C, 
causing the graphit izat ion of the gas-baked ca rbon  plugs. During the second-  
s tage  bake,  the plugs a r e  packed in s o m e  f o r m  of carbonaceous  m a t e r i a l ,  such  
as coke o r  graphi te  pa r t i c l e s ,  and/or an  i n e r t  a tmosphe re  is introduced around 
the plugs to p ro t ec t  t h e m  f r o m  oxidation. The pur i ty  of the plugs i s  improved  
dur ing graphit izat ion,  s ince  many of the a s h  const i tuents  a r e  vapor ized.  
Heating the gas - f i red  plugs to t e m p e r a t u r e s  
between 2500°C and 3000°C i n c r e a s e s  the d e g r e e  of c rys ta l l in i ty  of the graphi te ,  
r esu l t ing  in a s ignif icant  change in the physical  p rope r t i e s .  Upon graphi t iza t ion,  
the speci f ic  e l e c t r i c a l  r e s i s t a n c e  d e c r e a s e s  by a fac to r  of 5 ,  the t h e r m a l  con-  
ductivity i n c r e a s e s  by a fac to r  of 25, the coefficient  of t he rma l  expansion 
d e c r e a s e s  by 50 pe r cen t ,  and the e las t i c  modulus and s t rength  d e c r e a s e  by 20 
percent .  (8) Manufacturing methods have been  developed to produce n e a r l y  
i so t rop ic  graphi tes .  (n) 
LASLhas  recen t ly  manufactured and cha rac t e r i z ed  
0. 5 inch d i ame te r  r o d s  of an extruded,  res in-bonded graphi te  identif ied as L o t  
AAQ1. (a) The p r i m a r y  f i l l e r  component (85 p a r t s  by weight) was  G r e a t  Lakes  
Grade 1008-S graphi te  f lour ,  an a r t i f i c ia l  g raph i te  made f r o m  a re la t ive ly  non-  
ac icu la r  coke and a coa l  t a r  pi tch binder .  Approximately  60 p e r c e n t  by  weight  
of the Grade  1008-S graphi te  f lour passed  through a 200 mesh  s c r een .  The r e -  
mainder  of the L o t  AAQl f i l l e r  (15 p a r t s  by weight)  w a s  T h e r m a x  c a r b o n  black.  
Varcurn 8251 furfulryl alcohol r e s i n  (27 p a r t s  by weight) which contained ma le i c  
anhydr ide  a s  a polymerizat ion ca t a ly s t  was  u sed  as the binder  fo r  Lo t  AAQl 
graphite.  The ave rage  bulk densi ty  for  147 s a m p l e s  of the ext ruded,  r es in -bonded  
graphi te  was  1. 901 g f c c ,  An average  f l exura l  s t reng th  of 4865 p s i  w a s  m e a s u r e d  
dur ing r o o m  t e m p e r a t u r e  t e s t s  on four longitudinal  s a m p l e s  of 0, 5 inch d i a m e t e r .  
A four-point  loading over  a four  inch span was  u sed  to b r e a k  the s amp le s .  
During the c o u r s e  of thei r  work,  LASL obtained 
a second lo t  of Grade  1008-S graphi te  f lour in which the graphi te  pa r t i c l e s  w e r e  
m o r e  ac icu la r  than those of the f i r s t l o t .  'A Extruded rods  containing the m o r e  
ac icu la r  graphi te  pa r t i c l e s  we re  found to have a higher  deg ree  of p r e f e r r e d  
orientat ion when compared  with the rods  which contained the l e s s  a c i cu l a r  
graphite f lour.  
15 
An ar t i f i c ia l  graphite that  i s  c rushed  and milled 
to a f ine f lour a f t e r  i t s  manufacture  would make an excel lent  f i l l e r  ma t e r i a l  
f o r  carbon-graphi te  s e a l  r ings .  The p rope r  t i e s  of a r t i f i c ia l  graphi te  general ly  
can  be controlled to a g r e a t e r  deg ree  than those of a na tu r a l  graphite.  Art i f i -  
c ia l  graphi te  i s  l e s s  anisot ropic  than na tu r a l  graphi te ,  and i t  h a s  a re la t ive ly  
high pur i ty  s ince  m o s t  impur i t i e s  a r e  vaporized dur ing graphit izat ion.  High 
pur i ty  i s  impor tan t  s i nce  m o s t  impur i t i e s  a r e  oxidation a c c e l e r a t o r s .  
c .  Pyro ly t i c  Graphi te  
The t e r m  pyrolytic g raph i te  is used to de sc r i be  
a type of carbonaceous  m a t e r i a l  deposited on a heated su r f ace  when a gaseous  
hydrocarbon  i s  passed  over  it. The deposited m a t e r i a l  i s  r e f e r r e d  to a s  
pyrolytic graphi te  when the t empe ra tu r e  i s  above 1900°C and pyrolyt ic  ca rbon  
when the t empe ra tu r e  i s  below 1900°C; the difference in  designation i s  based 
upon the type of s t r u c t u r e  obtained. (2' Benzene,  methane,  and propane a r e  
s o m e  of the hydrocarbons  m o s t  commonly used to produce pyr  olytic graphi te .  
A r e c e n t  in-depth review of the m a t e r i a l s  sc ience  of pyrolytic c a rbons  h a s  
been  conducted by Bokros .  (2 ) 
The deposit ion p r o c e s s  c an  be  conducted in two 
dis t inct  ways.  (4)I .n  the f i r s t  technique, the ga s  i s  s imply  pa s sed  over the 
heated object  to b e  coated.  The second p r o c e s s  cons i s t s  of us ing the flowing 
gas  i tself  to levi ta te  s m a l l  pa r t i c l e s  of the m a t e r i a l  to be  coated in the hot  
zone of the deposit ion equipment.  The flowing gas  thus f o r m s  a fluidized bed 
within which the re  i s  exce l l en t  h e a t  t r a n s f e r .  An advantage of the second 
p r o c e s s  i s  that  i t  i s  m o r e  control lable  than the f i r s t .  Since m o s t  objects  to  
be  coated a r e  too l a r g e  and heavy  to  b e  levitated by the flowing gas ,  both d e -  
position techniques can  be combined by suspending the l a r g e  object  to b e  
coated in a fluidized bed, pe rmi t t ing  the b e s t  f e a tu r e s  of both techniques to be  
utilized. Auriol  e t  a l .  (3' have repor ted  the deposition of high densi ty  i s o t r o -  
pic s t r u c t u r e s  using the l a t t e r  technique with a lumina,  s i l i ca ,  and ca rbon  a s  
levitated par t i c les  of the fluidized bed,  
A number  of mechan isms  have been proposed to  
explain the manner  by which the pyrolytic ca rbon  i s  deposited on a heated sub-  
s t r a t e .  According to one of the proposed theoriesi&' ,  the hydrocarbon  gas  
d i s soc i a t e s  when i t  c o m e s  in con tac t  with the ho t  su r f ace ,  with o r  without 
deposit ion of ca rbon ,  f o rming  f r e e  r ad i ca l s  and poss ibly  complex ,  molecules  
which p a s s  back  into the g a s  phase .  The products  of the in i t ia l  r e ac t i on  under - 
go repeated decomposit ion on the ho t  su r f ace  and recombinat ion in the ga s  
phase ,  in the cou r se  of which ca rbon  i s  deposited and a r o m a t i c  ca rbon  c o m -  
pounds produced.  Although the a roma t i c  planes f o rmed  a r e  pa r a l l e l  with each 
other  and with the su r f ace  of the ho t  subs t r a t e ,  the or ienta t ion of the i m p e r -  
f e c t  hexagonal  r ing  s t r u c t u r e s  i s  random.  Thus, pyrolytic graphi te  does  not 
nece s sa r i l y  have the highly o rde r ed  s tacking r e g i s t r y  of the l aye r  p lanes  
general ly  found in na tu r a l  o r  a r t i f i c ia l  graphi tes .  Also,  the dis tance  between 
ad jacen t  p lanes  i s  l a r g e r  fo r  pyrolytic graphi te  than i t  i s  in the m o r e  c r y s t a l -  
l ine f o r m s  of graphite.  The c rys ta l l in i ty  of the pyrolytic g raph i tes  can be  
g r ea t l y  inc reased  (i. e. , pyrolyt ic  g raph i tes  can  be  "graphit ized") by annea l -  
ing a t  approximately  3000°C under s h e a r  s t r e s s ,  followed by annealing of 
s t i l l  h igher  t empe ra tu r e s .  (2-7) 
P y r  olytic graphite s  a r e  typically ve ry  an i so  - 
t ropic  m a t e r i a l s  because  of the i r  l amina r  s t r uc tu r e .  The r o o m  t empe ra tu r e  
tens i le  and c ompr e s  s ive  yield s t reng th  of pyrolytic graphi te  measu red  along 
the l a y e r s  is 15, 000 rt 5000 ps i ;  a c r o s s  the l a y e r s ,  i t  h a s  a compre s s ive  yield 
s t reng th  of 60, 000 i 20, 000 psi.  ( ~ 8 '  F l e x u r a l  s t reng th  i s  20, 000 to 30, 000 psi.  
Low tensi le  s t reng ths  a c r o s s  l a y e r s  (500 to 1000 ps i ) ,  low s h e a r  s t reng ths  
between l a y e r s  (1500 5 1000 ps i ) ,  and suscept ib i l i ty  to  delamination when 
subjected to t h e r m a l  o r  mechanical  s t r e s s e s  l i m i t  applicat ion of the an i so -  
t ropic  f o r m s  of pyr  olytic graphi te .  However,  i so t rop ic  and g ranu la r  pyr  olytic 
graphi tes  can be produced by using the fluid bed technique and the p rope r  type 
of gaseous  hydrocarbon ,  *gas flow, and deposit ion t empe ra tu r e .  Isot ropic  de - 
pos i t s  with f l exura l  s t r eng th s  in exce s s  of 40, 000 p s i  and low e las t i c  moduli 
have been  produced.  
The oxida t ion  r a t e  of bu lk  py ro ly t i c  g r a p h i t e  i s  
s ign i f icant ly  l o w e r  than  t h a t  of conven t iona l  p o l y c r y s t a l l i n e  g r a p h i t e s ,  T h e  
p r i n c i p a l  r e a s o n  f o r  t h i s  advan tage  in  oxida t ion  r e s i s t a n c e  i s  the  f a c t  t h a t  
py ro ly t i c  g r a p h i t e  c a n  b e  m a d e  e s s e n t i a l l y  nonporous .  P y r o l y t i c  g r a p h i t e  
c o - d e p o s i t e d  wi th  b o r o n  d i s p l a y s  i m p r o v e d  s t r e n g t h  and  oxida t ion  r e s i s t a n c e .  (30 1 
Tominaga  and  ~ a ~ a o k i ' z ' h a v e  s tud ied  the  oxidat ion of p y r o l y t i c  g r a p h i t e  a s  a 
func t ion  of bo th  t h e  oxidat ion and  depos i t i on  t e m p e r a t u r e s .  T h e s e  i n v e s t i g a t o r s  
found t h a t  the  e d g e  p l a n e s  oxid ize  t en  t i m e s  f a s t e r  t han  the  b a s a l  p l a n e s  f o r  a 
p y r o l y t i c  g r a p h i t e  annea led  a t  3200°C.  E x p e r i m e n t s  conducted  on a n  unan  - 
n e a l e d  p y r o l y t i c  g r a p h i t e  s a m p l e  showed t h a t  t he  edge  p l a n e s  ox id i ze  f a s t e r  
than  t h e  b a s a l  p l a n e s  a t  l o w e r  oxida t ion  t e m p e r a t u r e s  (65OoC) ,  b u t  t h e  b a s a l  
p l a n e s  show the  h i g h e r  oxida t ion  r a t e s  a s  the t e m p e r a t u r e  is i n c r e a s e d  (950°C). 
Unlike t h o s e  of t he  s p e c i m e n  annea led  at 3200°C,  the  b a s a l  p l a n e s  of t h e  u n a n -  
nea l ed  s p e c i m e n  developed  p i t s  which  b e c a m e  p r o g r e s s i v e l y  d e e p e r ,  p r o c e e d -  
ing f r o m  the top  l a y e r  down t o  t h e  depos i t i on  f a c e .  T o m i n a g a  and  N a g a o k i  
found t h a t  the  oxida t ion  r a t e  d e c r e a s e s  as depos i t i on  t e m p e r a t u r e  i n c r e a s e s .  
The  g r e a t e s t  ox ida t ion  r e s i s t a n c e  f o r  bo th  the  edge  and  b a s a l  p l a n e s  i s  ob ta ined  
when the  p y r o l y t i c  g r a p h i t e  i s  d e p o s i t e d  a t  h igh  t e m p e r a t u r e  ( a p p r o x i m a t e l y  
2300" C ) ,  fol lowed by  annea l ing .  
(32)  C a h n  and  H a r r i s  - r e p o r t e d  t h a t  t he  w e a r  
c h a r a c t e r  i s  t i c s  of a n i s o t r o p i c  p y r o l y t i c  g r a p h i t e  w e r e  " e x c e l l e n t t 1 ;  h o w e v e r ,  
Diefendorf  and  ~ t o v e r ( ~ ) i n d i c a t e d  t h a t  the  w e a r  r a t e  of t h i s  m a t e r i a l  i s  be low 
t h a t  of m o s t  conven t iona l  g r a p h i t e s .  W e a r  r a t e  i s  s e n s i t i v e  to  s a m p l e  
o r i en t a t ion .  T h e  h i g h e r  w e a r  r a t e  in  the  d i r e c t i o n  p a r a l l e l  to t h a t  of t h e  b a s a l  
p l a n e  h a s  b e e n  a s s o c i a t e d  wi th  the  low s h e a r  s t r e n g t h  in  t h a t  p l ane .  T h e  f r i c -  
t iona l  and  w e a r  p r o p e r t i e s  of py ro ly t i c  g r a p h i t e  in  s l i d i n g  c o n t a c t  w i th  a 
n u m b e r  of c o u n t e r f a c e s  h a v e  b e e n  s tud ied .  ' % ) P i k e  a n d  T h o m p s o n i 3 ~ )  s t u d i e d  
the f r i c t i o n  and  w e a r  of a n i s o t r o p i c  py ro ly t i c  g r a p h i t e  u sed  a s  a s l i d i n g  e l e c  - 
t r i c a l  con tac t .  T h e  w e a r  va lues  they  obta ined  w e r e  s i m i l a r  to  t h o s e  of 
" conven t iona l t '  b r u s h  c a r b o n s ,  T h e  combina t ion  of h igh  f l e x u r a l  s t r e n g t h  and  
low modu lus  h a s  b e e n  s u g g e s t e d  to i m p a r t  " i n t e r e s t i n g "  w e a r  c h a r a c t e r i s t i c s  
to i s o t r o p i c  c o a t i n g s .  I s o t r o p i c  coa t ings  a l loyed  wi th  b o r o n  to e n h a n c e  ox ida -  
t i o n  iesistafire m a y  have  p o t e r ~ t i c ~ l  appl icd i ;on  ds high "Lrnmptrature seal r i n g  
m a t e r i a l s  if the r e q u i r e d  s i z e  and  g e o m e t r y  can  b e  a t t a i n e d .  
This  r e p o r t  h a s  a l ready  d i scussed  some  of the 
work  L A S L  h a s  c a r r i e d  out in developing a c l a s s  of highly or iented polycrys  - 
tal l ine graphi te .  '3h9 31' P a r t  of that  investigation included the u se  of ground 
pyrolytic graphite a s  a p r i m a r y  f i l l e r  component (80 to 100 percen t ) .  The 
hot-molded graphite s amp le s  produced with the ground pyrolyt ic  graphi te  a s  
the p r i m a r y  f i l ler  ma t e r i a l  had considerably  lower  a c r o s s - g r a i n  compre s s ive  
s t reng ths  than the cor responding  m a t e r i a l s  produced with na tu r a l  g raph i te  a s  
the ma jo r  f i l ler  component. F o r  example ,  the spec imen  identified a s  501-1 
produced f r o m  ground pyrolytic graphi te  (80 pbw), needle coke f lour  (20 pbw), 
and B a r r e t t  30 MH pitch (30 pbw) had a n  a c r o s s - g r a i n  compre s s ive  s t reng th  
of 3748 ps i .  A s i m i l a r  s amp le  identified a s  5 0 2 - 1  was  produced f r o m  na tu r a l  
graphi te  f lakes  (80 pbw), needle  coke f lour  (20 pbw), and B a r r e t t  30 MH pitch 
(35 pbw). Specimen 5 0 2 - 1  had an  a c r o s s - g r a i n  compre s s ive  s t reng th  of 
5469 ps i .  The pitch concentra t ion was  considered opt imum f o r  the r e spec t i ve  
p a r  t ic  ula te  s ys te m s  . 
Ground pyrolytic graphite does  not  appear  to be  
a good par t icula te  raw m a t e r i a l  fo r  producing ca rbon-graph i te  s e a l  r ings .  
Although bulk pyrolytic graphi tes  apparen t ly  can have good w e a r  c h a r a c t e r i s -  
t i c s ,  the wor k  of LASL h a s  shown that  the s t reng ths  of compac t s  produced 
using ground pyrolytic graphi te  a s  the p r i m a r y  f i l l e r  component appear  to be 
lower  than the range  requ i red  fo r  a good s e a l  r i ng  mate r ia l .  F u r t h e r m o r e ,  
the exce l l en t  ba sa l  plane oxidation r e s i s t a n c e  inheren t  with an  an i so t rop ic  
nonporous  bulk pyrolytic graphi te  coating could be  adve r se ly  affected when 
the m a t e r i a l  i s  ground into a randomly or iented par t icula te  r a w  m a t e r i a l  fo r  
incorpora t ion  into a conventional ca rbon-graph i te  body, 
2 .  L e s s  Crys ta l l ine  F o r m s  of Carbon 
The word ca rbon ,  when used in the d i scuss ion  of ca rbon-graph i te  
m a t e r i a l s ,  r e f e r s  to the carbonaceous  ma te r i a l s  that  do no t  have highly o rde r ed  
c r y s t a l  s t r u c t u r e s ,  The s t r u c t u r e  of ca rbon  i s  often r e f e r r e d  to a s  being tu rbo-  
s t r a t i c .  The ca rbon  c ry s t a l s ,  bui l t  up  f r o m  the bas ic  l aye r  of hexagonally 
bonded ca rbon  a toms ,  general ly  do not  pos se s s  the degree  of r e g u l a r ,  t h r ee  - 
dimensional  o rde r  found in g raph i te*  Althuogh the planes of a ca rbon  c r y s t a l  
a r e  pa r a l l e l  to each other and uniformly spaced,  they may he a r r anged  in many 
d i f f e ~ e n t  ways  to produce ca rbons  which range  f r o m v e r y  ha rd  to re la t ively  sof t*  
T 
Figure  2.  Structure of Turbostratic Carbon 
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Many types of carbon a r e  commercially available. Some of the 
more common fo rms  include pets oleum cokes, carbon blacks,  glassy carbon, 
and carbonlgraphite f ibers .  Although petroleum cokes a r e  readily "graphiti - 
zable", the la t ter  three mater ials  usually do not exhibit a high degree of 
graphitization when hea t  treated to temperatures  of 3000°C, This section of 
the r epor t  will deal with the discussion of carbon/graphite f ibers ,  carbon 
blacks,  and glassy carbon. Petroleum cokes were  discussed a s  intermediate 
products in the production of art if icial  graphite. 
a- Carbon/Graphite F i b e r s  
Carbon f ibers  a r e  cornrnercially produced by the con-  
trolled pyrolysis of organic fiber s ,  which may be either natural  or man-made.  
The general t e r m  carbon fiber covers  all  f ibers  which have been hea t  treated 
to temperatures  s u b s ~ n t i a l l y  higher than the decomposition temperature of 
the p r e " ~ r s m  polymer,  When used as a more s p ~ c i l ' i c  ttirrr,, -- carbon usually 
r e f e r s  to f ibe r s  which have been heated to intermediate temperatures  such a s  
1000°C to 1500°C whe rea s ,  graphi te  i s  used to denote f i b e r s  heated to h igher  
t empe ra tu r e s ,  f requent ly  above 2500°C. (2-8' Although graphi te  f i b e r s  have  
b roade r ,  m o r e  c losely  packed l a y e r s  than ca rbon  f i be r s ,  both f ibe r  types  
have a tu rbos t ra t i c  s t r uc tu r e .  Carbon f i b e r s  a r e  usually 80-95 p e r c e n t  e l e -  
menta l  ca rbon  while graphi te  f i be r s  a r e  approximately  99 p e r c e n t  ca rbon .  
The production of ca rbon  f i be r s  involves both chemica l  
and t h e r m a l  t r e a tmen t s  of the p r e c u r s o r  po lymer .  (22) Although rayon  and 
polyacryloni t r i le  a r e  the leading p r e c u r s o r  m a t e r i a l s  fo r  ca rbon  f ibe r  manu-  
fac tu re ,  a number  of o ther  organic  f i be r s  have  been  successful ly  conver ted 
into ca rbon  f iber .  The th ree  p r i m a r y  c r i t e r i a  fo r  the se lect ion of the p r e -  
c u r s o r s  a r e  thermal  decomposit ion without the p r e sence  of a m e l t  phase ,  a  
high r e s i d u a l  ca rbon  content  in the pyrolyzed s t r u c t u r e ,  and high s t r eng th  
and flexibil i ty of the carbonaceous  res idue .  Rayon can  be  pyrolyzed in a 
mois tu re  - f ree ,  reducing o r  i n e r t  a tmosphe re .  During pyro lys i s ,  the chain  
of the macromolecu le  is broken,  producing volat i le  ca rbon ,  and ca rbon  -like 
r e s idues  a r e  f o rmed  by chain condensation. The two competing r eac t i ons  
occur  s imul taneously .  Py ro ly s i s  of rayon  produces  a n  in te rmedia te  p roduc t  
cal led laevoglucosan,  which, upon fu r t he r  heating,  f o r m s  a ca rbonaceous  
char  and volatile t a r s .  The  t a r s  decompose to give additional polymer  ca rbon  
and a var ie ty  of gaseous  products .  Final ly ,  c r o s s  -linking unites the ca rbon  
c ry s t a l l i t e s  into a randomly or iented m a s s .  Very  high s t reng th  g raph i te  
f i b e r s  c an  be  produced by applying tension to the f i b e r s  dur ing the high t e m -  
p e r a t u r e  s tep ,  F i b e r s  with a tens i le  s t r eng th  of 500, 000 p s i  and Young 's  
(40) modulus of 100 mill ion p s i  have been p r epa red  using this  technique. - 
Composi tes  have been made f r o m  var ious  texti le  f o r m s  
of ca rbon  f i be r ,  such  a s  graphi te  ya rn  and cloth. F ibe r  compos i tes  have  been 
p r epa red  which employ both pyrolyzed and unpyrolyzed r e s i n s  a s  a ma t r i x .  
The f o r m e r  m a t e r i a l  i s  usually r e f e r r e d  to a s  a "carbon-carbon" compos i te ,  
and the l a t t e r  i s  ca l led  a "ca rbon- res in ' '  composi te .  The applicat ion of the 
ca rbon - r e s in  composi te  i s  usually l imi ted by the degradat ion t e m p e r a t u r e  of 
the r e s i n .  Graphi te  -cloth composi tes  that  incorpora te  a pyrolyzed m a t r i x  
have been  produced by using shredded G r a d e  W C A  graphite cloth and r e s in  
binder .  (2) The r e s i n  (50  p a r t s  pe r  hundred p a r t s  cloth by  we igh t )  was  spread  
over  the graphi te  cloth,  a f t e r  which the r e s i n  t r ea ted  cloth was  charged into 
a mixer  and mace ra t ed  to a f ibrous  m a s s .  P lugs  w e r e  molded a t  750  p s i  and 
p r e s s u r e - c u r e d  f o r  s i x  h o u r s  a t  130°C, followed by baking f i r s t  to 800°C and 
then to 2800°C. The a c r o s s - g r a i n  compre s s ive  s t reng th  of the compac t s  w a s  
9100 p s i  a f t e r  cur ing  and 800 p s i  a f t e r  baking to 2800°C. Recen t  advances  
in the technology of th is  type of composi te  have provided m a t e r i a l s  with f l e x -  
u r a l  and impac t  s t r eng th s  high enough to p e r m i t  use  as b r a k e  components f o r  
(42) high pe r fo rmance  a i r c r a f t .  - 
Graphi te  f i be r s  appear  to be  a potential  s ea l  r i ng  f i l l e r  
m a t e r i a l  because  ca rbon-carbon  f ibe r  compos i tes  employing this  m a t e r i a l  
have exhibited high s t r eng th s  and s t reng th- to  -weight ra t ios .  When added as 
a minor  f i l ler  component,  graphi te  f i b e r s  may  s t rengthen s e a l  r i ng  m a t e r i a l s  
which contain na tu r a l  o r  a r t i f i c i a l  graphi te  f i l l e r s .  
b. Carbon  Black 
Carbon  b lacks  a r e  a c l a s s  of pa r t i cu la te  e l emen ta l  
c a rbons  produced f r o m  gaseous  o r  liquid hydrocarbons which undergo incom-  
plete combustion in a f l ame  o r  t h e r m a l  decomposit ion in a furnace .  The 
tu rbos t ra t i c  s t r u c t u r e  of a ca rbon  b lack  par t i c le  may  be r ep re sen t ed  as 
the resu l t ing  aggrega te  of some  1500 c ry s t a l l i t e s ,  each  of which genera l ly  
contains two to f ive  pa r a l l e l  shee t s  of hexagonally packed ca rbon  a toms  in  
r andom orientat ion.  (2' "Amorphous" ca rbon  i s  p r e s e n t  in the s p a c e s  between 
the c rys ta l l i t e s .  The pa r t i cu l a r  type of ca rbon  black fo rmed  depends  on the 
raw m a t e r i a l s  and manufactur ing p r o c e s s e s  employed.  All of the d i f fe ren t  
types of carbon b lacks  a r e  general ly  grouped into f ive  c lass i f i ca t ions :  f u r  - 
nace  black,  lampblack,  channel  b lack,  ther  ma1 black,  and acetylene black.  
Of the f ive types of ca rbon  b lacks  commerc i a l l y  
avai lable ,  l ampblack  and fu rnace  black a r e  the two m o s t  commonly used in  
the manufacture  of carbon-graphi te  ma t e f i a l s .  Lampblack  i s  utilized in a r c  
l a m p  e l ec t rodes  and in b r u s h e s  for  va r ious  types of e l e c t r i c  mo to r s  and 
gene ra to r s ,  F u r n a c e  black i s  often used a s  a minor  f i l l e r  component  to 
i n c r e a s e  the densi ty  and h a r d n e s s  of a r t i f i c ia l  graphi tes .  The coke p a r t i c l e s  
used a s  a ma jo r  f i l l e r  component  in the production of a r t i f i c ia l  graphi te  are 
seldom l e s s  than two microns in diameter ,  Furnace black part ic les ,  which 
a r e  spherical  in shape and approxima tely 0 ,  3 micron in diameter ,  P i l l  the 
voids between the coke part ic les ,  causing an increase in density and hardness .  
Replacing 20 percent  of a fine-grained coke flour with furnace black has  in-  
creased the density of carefully extruded small-diameter  graphite rods f r o m  
(44) 1. 84 g /cc  to 1 .91  g/cc.  - 
EASL has  used Thermax in their r e sea rch  on carbon 
and graphite. (s' Ther max i s  a furnace black manufactured by the Therrn- 
a tomic Carbon Division of Commercial  Solvents Corporation, A helium density 
of 1. 88 g /cc  and a specific surface of 8. 4 m 2 l g  were  reported for this black. 
An electron micrograph has  shown the individual Thermax part ic les  to be 
smooth-shelled and nearly spherical,  bu t  many appear a s  aggregates,  which 
may rep resen t  intergrowths of par t ic les ,  
LASE has  prepared severa l  experimental graphites,  
identified a s  Se r i e s  AAP, to investigate the effects of fi l ler particle s i ze  and 
s ize distribution on the propert ies  of manufactured graphites and on the manu- 
facturing methods required. (46' Eight graphite f lours  of varying fineness 
were used individually a s  either the only f i l ler  mater ia l  or a s  the major corn- 
ponent in a binary fi l ler sys tem which incorporated Thermax a s  the second 
fi l ler material .  Varcum 825 1 furfury1 alcohol r e s in  containing maleic anhy- 
dride a s  a polymerization catalyst  was used a s  the binder. The addition of 
the carbon black reduced the binder requirements  and increased the densi t ies  
of the products baked to graphitizing temperatures .  One specimen which con-  
tained Grea t  Lakes Grade 1008 graphite flour a s  the only fi l ler mater ia l  had 
a baked density of 1. 77 g/cc. A s imi lar  sample which contained the s a m e  
graphite flour (85 pa r t s  by weight) and Thermax (115 par t s  by weight) a s  the 
filler mater ia l s  had a baked density of 1. 88 g/cc,  The addition of carbon 
black a lso  reduced the tendency for c racks  to f o r m  in the extruded graphi tes  
produced. 
Tn an attempt to ilndersrand how carbon black affects 
&e compaction behavior of a graphite f l o u r ,  E A S L  compacted Great  Lakes  
Grade 1008 graphi te  flour a n d  Tl rer r r~ax ez rbon  black irr a steel d i e  equipped 
witha vacuum  system.'^' N o  binder materials w e r e  used. While under a 
pressu re  of 28 ,  000 psi ,  the compact containing only graphite flour had a bulk 
density of 2,125g/cc (127. 2 percent  of the calculated packing density);  the com-  
pact containing only Thermax carbon black had a density of 1.403 g /cc  (98 ,  8 
percent  of the calculated packing density). The calculated packing density, 
which equals 74 percent  of the m a t e r i a l l s  particle density, is the bulk density 
which would be achieved by the close packing of monosized spheres .  The 
densities of both compacts decreased rapidly a s  the p res su re  was reduced, but 
the percent  decrease  in density or "spring-back" of the Thermax compact was  
appreciably l e s s  than that of the compact containing only graphite flour. Appar- 
ently, the graphite par t ic les  deform elastically to fill voids, a charac ter i s t ic  
which accounts for  the compacted bulk density being considerably grea ter  
than the calculated packing density. 
While under p res su re ,  the compacts which contained 
various combinations of the graphite flour and carbon black had densit ies 
ranging between those of the compacts containing the individual f i l ler  mater ia l s .  
The densit ies decreased with increasing Thermax content. After the p r e s s u r e  
was removed, the densit ies of the compacts containing graphite and Thermax 
were higher than that of the compact containing only graphite flour. F o r  ex-  
ample, the compact containing 80 pa r t s  graphite flour and 20 pa r t s  Therrnaxhad 
a bulk density of 1.422 g/cc,  compared with 1.35 1 g /cc  for the compact con- 
taining only graphite flour. The reason  for this density difference apparently 
was that the "spring-back" of the plugs containing graphite flour and Thermax 
was considerably l e s s  than that of the compact containing only graphite flour. 
The effects of carbon black additions in te rnary  sys tems 
a lso  were  studied. (2) These studies indicate that the porosity and density of 
some mater ial  sys tems can be adjusted a lmost  independently of each other. 
The addition of carbon black reportedly reduces the 
anisotropy of manufactured graphites. (2) Hot molded compacts which con- 
tained various combinations of natural  graphite flakes and Thermax carbon 
black a s  the fi l ler were  produced to study changes in anisotropy of the mater ials .  
The natural graphite had a fineness of 100 percent  through a 325 mesh screen, 
A specimen identified a s  58E-1  contained n o  carbon black and bad a B a c o n  
Anisotropy Fac to r  (cr o z / r  ox) of 4. E 1, Another s amp le  identified a s  59F-  1 
contained na tura l  graphi te  f lakes  (70 p a r t s  by weight) and The rmax  (30 p a r t s  
by weight), Specimen 59F-1  had a Bacon Anisotropy Fac to r  of 1. 72. C a r -  
bon black additions of a t  l e a s t  10 to 15 pe rcen t  w e r e  requ i red  to produce 
l a rge  changes in the an i so t rop ies  of the manufactured graphi tes .  Carbon-  
black contents up to approximately  20 pe rcen t  s e e m  to s tabi l ize  the f i l l e r  
network aga ins t  d imensional  changes dur ing graphit ization.  
Carbon  blacks  w e r e  once thought to b e  complete ly  
"ungraphitizable", bu t  r e c e n t  work has  shown that  they do graphi t ize  to a 
sma l l  extent. (50) Elec t ron  microscopy examination of Ther  max pa r t i c l e s  
heated a t  2800°C fo r  30 minutes  h a s  shown that  they change in shape f r o m  
spher ica l  to polyhedral .  The average  carbon black c r y s  tal l i te  s i z e  (LC) 
i nc r ea sed  f r o m  17 .4& to 225& and that  the average  in terplanar  spacing 
(dooz) decreased  f r o m  3. 47A to 3.'378W af ter  the h e a t  t r ea tment .  
Carbon black i s  a good par t i cu la te  r aw  ma te r i a l  for  
use  a s  a minor f i l l e r  component in a carbon-graphi te  s e a l  r i ng  formulation.  
A good s e a l  r ing  ma te r i a l  should have re la t ively  high s t reng th ,  modulus, 
and h a r d n e s s  and low poros i ty  and anisotropy.  The l i t e r a t u r e  h a s  shown 
that  the addition of T h e r m a x  (10 to 30 p a r t s  by weight) to a graphite f i l l e r  
produces  an i nc r ea se  in s t reng th  and ha rdnes s  and a reduction in the p o r o s -  
ity and anisotropy of the r e su l t an t  compacts.  
c .  Glas s v  Carbon 
G la s sy  carbon i s  a nonporous, i sot ropic ,  graphit ization 
r e s i s t a n t  mate r ia l  produced by the thermal  degradation of organic po lymer s  
which display a high deg ree  of c r o s s  -linking. Polyfurfuryl  alcohol r e s i n s ,  
phenol-formaldehyde r e s i n s ,  and cel lu lose  a r e  often used a s  raw m a t e r i a l s  
in  the production of g lassy  carbon.  Not much detai led information conce rn -  
ing the production of g lassy  ca rbon  i s  available,  s ince  the manufacturing 
p r o c e s s e s  have not been disc losed by the companies which produce this ma te -  
r i a l ,  Al though l i t e r a t u r e  d o e s  p o i n t  o u t  t h a t  a  g l a s s y  c a r b o n  which " p r o v e d  
s a t i s f a c t o r y  f o r  a  l a r g e  v a r i e t y  of p u r p o s e s "  h a s  been p r e p a r e d  b y  l imiting 
(51)  the max imum h e a t - t r e a t m e n t  t empe ra tu r e  to 1800°C - , the p r o p e r t i e s  of 
g lassy  carbon a r e  known to be influenced by hea t  t r e a tmen t  t empe ra tu r e .  A 
r e c e n t  review of the l i t e r a t u r e  on g l a s sy  ca rbons  h a s  been conducted by 
( 5 2 )  Yamada. - 
According to Noda e t  al.  (?'the mos tp robab l e  s t r u c t u r e  
of g l a s sy  ca rbon  cons i s t s  of ca rbon  a toms  held together by both t r i agona l  and 
t e t r ahed ra l  bonds. Smal l  domains  of two-dimensional  graphi te  l ike  a r r a n g e -  
ments a r e  produced by the tr iagonally-bound ca rbon  a toms .  The s m a l l  
domains  a r e  held  together by t e t r ahed ra l  bonds, but  the te t rahedral ly-bound 
ca rbon  a toms  themse lves  make  no domain of r egu l a r  a r r angemen t .  A high 
degree  of unordered ,  th ree -d imens iona l  c ross - l ink ing  probably  accounts  f o r  
g lassy  c a r b o n ' s  nongraphit izing c h a r a c t e r i s t i c s  and fo r  its tendency to  be  
isot ropic .  
G la s sy  ca rbon  displays  excel lent  physical  and chemica l  
p rope r t i e s .  (2) Pe rmeab i l i t y  to g a s e s  i s  roughly 13 o r d e r s  of magnitude l e s s  
than that  of an  e lec t rode  graphi te  and is comparab le  with t ha t  of h a r d  g l a s s e s .  
With-grain and a c r o s s - g r a i n  compre s s ive  s t r eng th s  of 10, 000 p s i  have  been 
measu red  fo r  g l a s sy  carbon.  The e l ec t r i c a l  and t h e r m a l  conductivi t ies of 
g lassy  ca rbon  r e s e m b l e  those  of baked ca rbons  but  a r e  cofisiderably lower  
than those  of the va r ious  f o r m s  of conventional polycrys ta l l ine  graphi te .  The  
low permeabi l i ty ,  negligible porosi ty ,  and low speci f ic  su r f ace  tend to make 
g lassy  ca rbon  m o r e  chemica l ly  i n e r t  than m o s t  other f o r m s  of ca rbon*  I t s  
r e s i s t a n c e  to a t t a ck  by hydroch lor ic ,  hydrof luor ic ,  n i t r i c ,  saalphuric, and 
ch romic  ac ids  is be t t e r  than that  of the nonglassy ca rbons ;  however ,  g l a s sy  
ca rbon  does  d i s in tegra te  in the p r e sence  of a lka l i  meta l s .  
~ e w i s ' ? ? )  h a s  conducted t he rmograv ime t r i c  s tud ies  of 
the oxidation of v i t reous  o r  g l a s sy  ca rbon .  The g l a s sy  ca rbon  spec imens  
used fo r  the investigation w e r e  p r epa red  by the carbonizat ion of thin d i s c s  
of high pur i ty  phenol-formaldehyde r e s in .  Carbonization w a s  c a r r i e d  out in 
a n  i n e r t  a tmosphe re ,  usually with a max imum h e a t  t r e a t m e n t  t e m p e r a t u r e  
of 1800°C. The investigation established that p u r e  grades of glassy carbon 
prepared from phenolic resins exhibit an oxidation rate l o w e r  thaii that of 
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Ground g lassy  carbon appea r s  t o  be a good par t i cu la te  
raw ma te r i a l  fox use  a s  an additive in a ca rbon-graphi te  s e a l  r ing  f o r m u -  
lat ion.  Addition of s m a l l  amounts  of ground g l a s sy  carbon to a ca rbon -  
graphite s ea l  r i n g  mix may i n c r e a s e  the wea r  r e s i s t ance  of the r e su l t an t  
mate r ia l ;  such an  addition did enhance the wea r  r e s i s t ance  of e l e c t r o g r a -  
phitic b rushes .  Since bulk g lassy  ca rbon  i s  h a r d ,  s t rong,  i so t rop ic ,  and 
oxidation r e s i s t an t ,  the addition of ground g l a s sy  carbon to a ca rbon -g raph -  
ite s e a l  r ing  formulat ion may inc rea se  the h a r d n e s s ,  s t rength ,  and oxidation 
r e s i s t ance  of the r e su l t an t  compac ts  and, a t  the s a m e  t ime,  d e c r e a s e  
anisotropy.  
3 .  Selection of Four  Par t i cu la te  Solid Raw Mater ia l s  fo r  
Exper imenta l  Screening Studies 
At  the conclusion of the l i t e r a t u r e  s e a r c h  on par t i cu la te  solid 
raw ma te r i a l s ,  four ma te r i a l s  w e r e  se lected to be used in "bench-scale"  
sc reen ing  studies.  During the se lect ion of each  of the four raw m a t e r i a l s ,  
considerat ion was  given to the m a t e r i a l ' s  type, i t s  source ,  i t s  pa r t i c l e  s i z e  
and shape,  the manufacturing methods requ i red  to produce i t ,  and the ro l e  
i t  would play in  a carbon-graphi te  s e a l  r ing  formulation.  The se lec t ion  of 
the four par t icula te  solid raw m a t e r i a l s  requ i red  and received the approva l  
of the NASA P r o j e c t  Manager ;  they a r e :  
(1)  Grade  CHP Graphi te  - an' a r t i f i c ia l  graphi te  of re la t ive ly  
.. 
high pur i ty  manufactured by  the Union Carbide Corporat ion f r o m  a non- 
ac icu la r  pe t ro leum coxa and coa l  t a r  pitch binder .  
( 2 )  Grade  AS0  Graphite - a na tu r a l  graphite purif ied by the 
Union Carbide Corporat ion.  
( 3 )  "Regular" The rmax  - a furnace  black manufactured by 
the Thermatomic  Carbon Division of the Commerc i a l  Solvents Corporat ion.  
This ma te r i a l  i s  the s a m e  carbon black used by Group CMF-13 of the 
Los Alamos Scientific Labora tory  in thei r  r e s e a r c h  on carbon and graphi te .  
( 4 )  LMSC Glassy Carbon Powder - a mater ial  manufactured 
by the Lockheed Palo Alto Research Laboratory by using a 1000°C hea t  
t reatment  temperature;  i t  i s  pulverized to the desired fineness by the Con- 
t ractor .  
One point consi s tentiy brought out during the l i te ra ture  sea rch  
was that a high concentration of graphite f i l ler  i s  required to produce the 
most  oxidation res i s tan t  carbon-graphite mater ials .  The use of this type of 
fi l ler sys tem also produces a specimen with excellent machinability and high 
thermal  conductivity, a t  l eas t  in the with-grain direction. High thermal. con- 
ductivity provides rapid t ransfer  of deleterious frictional hea t  which can  
develop during periods of sliding contact, Since sea l  dam widths a s  sma l l  
a s  0. 020 inches a r e  inherent in the sea l  design, good machinability i s  a very 
desirable  charac ter i s t ic  of the sea l  r ing material .  Because they met  these 
fi l ler requirements ,  Grade AS0 natural  graphite and Grade CHP art i f ic ial  
graphite were  selected a s  two of the particulate solid raw mater ia l s  for 
experimental evaluation. These high-purity graphite s were selected because 
most  metal impurit ies a r e  known to be oxidation catalysts.  Starting with a 
high concentration of high-purity graphite and adding known oxidation 
inhibitors should r e su l t  in the formation of the most  oxidation-resistant 
carbon-graphite sea l  ring mater ials .  
Consideration was given to the effect of f i l ler  particle s i ze  
on the propert ies  of carbon-graphite bodies during selection of the commi-  
nution procedure for the AS0 and CHP graphites. Both graphites were  milled 
to very fine f lours  (AS0 = 8 7  percent  and CHP = 97  percent by weight through 
a 200  mesh "Tyler" screen) .  As mentioned during the discussion of par t icu-  
la tetgraphi tes ,  grain s ize and strength a r e  inversely related. The use of 
fine part ic le  s ize f i l le rs ,  therefore,  will enhance the strength of the carbon-  
graphite seal  ring material .  However, the fine particle s ize Grade AS0 
natural graphite will probably produce a relatively anisotropic compact. 
Grade CHP i s  a relatively isotropic ar t i f ic ial  graphite fi l ler because i t  i s  
manufactured f r o m  a nonacicular coke, Molded carbon-graphite sea l  r ing 
bodies prepared with this f i l ler  should bp more i s o t ~ o p i c  than those prepared 
with A S 0  graphite. 
T h e r m a x  fu rnace  black was  se lected a s  a par t icula te  raw 
ma te r i a l  for  u se  a s  a minor  f i l l e r  component in a ca rbon-graph i te  s e a l  r i n g  
formulat ion.  The l i t e r a t u r e  h a s  shown that  the addition of The rmax  tohighly 
graphi t ic  f i l l e r  m a t e r i a l s  p roduces  a n  i nc r ea se  in the s t reng th  of the r e s u l t -  
an t  compac t s ,  with a cor responding  d e c r e a s e  in poros i ty  and anisot ropy.  
Since the ra te -con t ro l l ing  mechan i sm  fo r  oxidation at 1300°F  involves 
penetra t ion of the reac t ing  ga s  into the p o r e s  of the carbon-graphi te  body, 
a d e c r e a s e  in the porosi ty  of the compac t s  wil l  he lp  i n c r e a s e  oxidation r e -  
s i s t ance .  The f a c t  that  an  addition of T h e r m a x  r educes  anisot ropy m a y h e l p  
to i n c r e a s e  the a c r o s s  -g ra in  t h e r m a l  conductivity of highly graphi t ic  s e a l  
r ings .  The addition of T h e r m a x  a l s o  wil l  i n c r e a s e  the wea r  r e s i s t a n c e  of 
highly graphi t i t ic  s e a l  r i ngs ,  s ince  "hard" ca rbons ,  such  a s  The rmax ,  i n -  
c r e a s e  the load ca r ry ing  capaci ty  of the ca rbon-graph i te  body. 
The LMSC 1000°C h e a t  t r ea ted  pulver ized g lassy  ca rbon  w a s  
se lec ted  a s  a pa r t i cu la te  r aw  m a t e r i a l  to be  used a s  a n  addit ive for  c a r b o n -  
graphi te  s e a l  r i ng  ma te r i a l s .  Since the h a r d n e s s  of g l a s sy  ca rbon  i s  ' 
inverse ly  re la ted  to i t s  h e a t  t r e a tmen t  t empe ra tu r e ,  this  l ow- t empe ra tu r e  
m a t e r i a l  should contr ibute  g r e a t e r  h a r d n e s s  and w e a r  r e s i s t a n c e  to the s e a l  
r i ng  composit ion than a g l a s sy  ca rbon  h e a t  t r ea ted  a t  high t e m p e r a t u r e  
e. g., 2000°C. 
B. Binder  Raw Ma te r i a l s  
1. Coal  T a r  P i t c h  
Coal  t a r  pi tch is a the rmoplas t i c  m a t e r i a l  which h a s  long been  
used as the pr incipal  b inder  in the manufacture  of ca rbon-graph i te  m a t e r i a l s .  
Coal  t a r  pitch i s  a  v e r y  complex mix ture  of d i spe r s ed  sol ids  and a s  many a s  
5000 di f ferent  a r o m a t i c  and he te rocyc l ic  compounds.  Product ion of coa l  tar 
pitch cons i s t s  of the dist i l lat ion of coal  t a r  ( a  v iscous  liquid mix ture  p r o -  
duced b y  the des t ruc t ive  dis t i l la t ion of coal )  to r emove  the l ight  o i ls ,  c r e o s o t e ,  
and an thracene  oil.  The na tu r e  and p rope r t i e s  of coal  t a r  pi tch a r e  affected 
b y  the type of coal  used and the manufacturing p rocedu re s  employed to p r o -  
duce i t .  The p r o c e s s e s  employed to manufacture  coal tar pitch have been  
reviewed by Smith e t  a l .  (L~' The wide range  of commerc i a l l y  avai lable  pitches 
a r e  general ly  grouped into th ree  broad c lass i f icat ions  entitled "soft  pitch" 
(softening point 30°C or  l e s s )  "medium-sof t  pitch" (softening point up to 
78" C) ,  and "hard pi tch1 '  (softening point between 80" C and 250°C).  P i t ches  
with softening points of 80°C to 100°C a r e  the m o s t  commonly used binder  
ma te r i a l s  in the United States.  A survey  of the l i t e r a tu r e  on pitch b inde r s  
(60) for  graphi tes  h a s  been conducted by Hooker.  - 
The charac te r iza t ion  of a coal  t a r  pi tch usually includes a 
measu remen t  of i t s  coking value and i t s  insoluble contents.  Coking value i s  
the proportion of the binder  ma te r i a l  r emain ing  a s  res idua l  ca rbon  a f t e r  
pyrolysis .  Benzene and quinoline a r e  the solvents  commonly used to e x t r a c t  
the soluble r e s idues  f r o m  the pitch sample  being charac te r ized .  The benzene-  
insolubles (BI) and quinoline -insolubles (QP) r e f l e c t  the molecular  weight d i s  - 
tribution of the compounds.in the pitch. Measu remen t s  of specific gravi ty ,  
softening point, viscosity,  a sh  content, and e lementa l  analys is  a l so  a r e  used 
to cha rac t e r i ze  coal  t a r  pi tches.  A good pitch binder  usually h a s  a coking 
value of 45 pe rcen t  o r  h igher  and mus t  wet  and adhe re  to f i l l e r  m a t e r i a l  to 
effectively bond the ca rbon  a r t i c le .  The effect iveness  of a coal  t a r  pi tch 
binder h a s  not  been re la ted  solely to any single p roper ty .  Binder effect ive-  
n e s s  i s  determined ult imately by preparat ion and proper ty  charac te r iza t ion  
of t e s t  spec imens .  
The p r o c e s s  of carbonizing a coal  t a r  pitch binder i s  a c o m -  
( 6 5 )  
-plex combination of thermalyt ic  cracking,  condensation, and polymerization.  
A bas ic  understanding of the carbonization p r o c e s s  can  be acquired f r o m  the 
following simplif ied explanation. When the t empe ra tu r e  of coal  t a r  pi tch 
r eaches  i t s  softening point, the pitch becomes  plas t ic .  The pitch r e m a i n s  
viscous enough to hold the fo rmed  compac t  together ,  but  the compac t  m u s t  
be supported to avoid sagging. As the baking t empera tu r e  i s  inc reased  to 
approximately 700" C ,  polymerization and dehydrogenation reac t ions  occur  
which continue to i nc r ea se  the viscosi ty  of the pitch until the s t ruc tu r e  i s  
thermal ly  s e t  a s  coke. Additional heating to t empe ra tu r e s  up to 3000°C 
causes  increased  c r y s t a l  growth and additional l o s s  of hydrogen,  Carbon  p r o -  
duced from the pyrolysis  of coal  tar pitch usually displays a re la t ively  h.igh 
degree  of crys ta l l in i ty  when heated above 2800"  C .  
'i'l-re behavior of coa l  tar pitch drrrirlg pyro lys i s  can be a l t e r ed  
by use  of va r ious  addi t ives ,  Smal l  amounts  of powdered sul fur  a r e  s o m e -  
t imes  added to ca rbon-graph i te  mixes  to i nc r ea se  the coking value of the 
pitch binder  and,  thereby,  enhance the physical  p rope r t i e s  of the r e su l t an t  
(62 )  carbon  a r t i c le .  Eds  t r o m  e t . a l .  - found that  p-benzoquinone, chlorani l ,  
h ~ d r o q u i n o n e ,  hydroch lor ic  ac id ,  t r ichloroethylene,  f e r r i c  chlor ide ,  and 
s e v e r a l  inorganic p e r  sul fa tes ,  ch lo r a t e s ,  and oxides i nc r ea sed  the coking 
value of a pitch. The l a t t e r  t h r e e  types of ma t e r i a l  w e r e  found to be  a s  
ef fect ive  "coking addit ives" a s  sul fur .  However,  the oxidation r a t e s  at 
650°C of graphit ized bodies incorporat ing the su l fu r ,  ammon ium persu l fa te ,  
po tass ium per  sul fa te ,  and sod ium ch lo r a t e  pitch addi t ives  a l l  w e r e  signifi  - 
cant ly  g r e a t e r  than tha t  of bodies  bonded with pitch alone,  The u se  of the 
addi t ives  containing the nonfugitive meta l l i c  e l emen t s  wi l l  a l s o  i n c r e a s e  
suscept ib i l i ty  to oxidation, s ince  m o s t  me t a l s  a r e  oxidation ca ta lys t s .  
P r e s e n t l y ,  coa l  t a r  pi tch i s  the pr incipal  binder f o r  c a rbon -  
graphi te  s ea l  r i ng  ma te r i a l s .  The high coking value of coal  t a r  pi tch enab les  
p repara t ion  of s t r ong  s e a l  r i ng  bodies.  Since coal  t a r  pi tch can be  g raph i -  
tized to  a re la t ively  high deg ree ,  i t  can contr ibute  to the overa l l  oxidation 
r e s i s t a n c e  of the ca rbon-graph i te  body. 
Recen t  evidence sugges t s  that  pe t ro leum pitch may be  a 
suitable binder f o r  ca rbon-graph i te  ma t e r i a l s .   owe ow ever, the s t r eng th  of 
compac t s  p r epa red  with this  b inder  general ly  appear  to be  lower  than tha t  
of compac t s  bonded with coa l  t a r  pitch. 
2. Synthetic Res in  Binders  
Although coal  t a r  pi tch i s  the binder used m o s t  extensively  
fo r  ca rbon-graph i te  bodies ,  a number  of other m a t e r i a l s  have been s u c c e s s  - 
fully employed a s  b inders .  The Armour  R e s e a r c h  Foundation of the Illinois 
Inst i tute of Technology ha s  s c r eened  many synthetic hydrocarbons  t o  d e t e r -  
mine the i r  ef fect iveness  a s  poss ible  b inders  for  ca rbon-graph i te  ma t e r i a l s .  
A m e a s u r e m e n t  of the ca rbon  r e s idue  a f t e r  pyrolys is  was  made  on 50  m a t e -  
r i a l s ,  including s e v e r a l  coal  t a r  pi tches and a barge number  of synthet ic  
res ins  '%' Based or, the i-esulis  of the coking value m e a s u r e m e n t s ,  a l i q u i d  
furfuryl alcohol res in ,  an unplasticized phenolformaldehyde res in ,  and a 
phenol-benzaldehyde r e s in  were  selected a s  the most  promising synthetic 
r e s in  binders.  Fur ther  screening studies were conducted on the three syn-  
thetic r e s ins  by preparing smal l  carbonized compacts in which the three 
res ins  were  used a s  binders ,  Compacts bonded with B a r r e t t  No. 3 0 h e d i u m  
coal tar  pitch were  produced and used a s  standards for comparison with the 
three types of resin-bonded mater ials .  
Synthetic r e s in  binders have the advantage of being a more  
controllable raw mater ial  than coal ta r  pitches. A fur ther  advantage of 
employing synthetic thermosetting binders i s  that i t  i s  possible to bake the 
formed carbon-graphite compact without the support of a packing medium. 
More rapid processing of carbon-graphite mater ia l s ,  therefore,  a lso may 
be effected by using these synthetic res ins  a s  binders.  
a. Phenol-formaldehyde Resin 
Phenol-formaldehyde r e s ins  a r e  a specific 
category of phenolic mater ia l s .  The t e r m  phenolic usually i s  used to de-  
scr ibe  thermosetting polymers  which a r e  formed by the condensation 
reaction of any number of aldehydes and monohydric or polyhydric phenols. 
Phenol-formaldehyde r e s ins  a r e  prepared by 
the condensation of phenol with formaldehyde employing either an acid or 
alkaline catalyst. The nature of the resultant product i s  dependent on the 
type of catalyst .  When an alkaline catalyst  is  used with equimolar quantities 
of the two reactants ,  a mater ial  called a resole  i s  formed. This mater ia l  
can be thermally c r o s s  -linked without addition of any other reactant.  In 
acid catalyzed solutions containing an excess  of phenol, a l inear soluble 
fusible polymer called a novolac is  formed. This polymer softens between 
65°C and 95°C and must  be reacted with formaldehyde to effect c r o s s  - 
linkage. Thermal  decomposition of hexamethylene-tetramine generally 
provides the formaldehyde necessary  to accomplish the c r o s s  -linking. De - 
composition of hexamethylene -te tramine also produces ammonia,  which 
catalyzes the reaction. Phenol-formaldehyde res ins  based on no~salacs a r e  
u s u a i i y  called "two-stage" res ins .  S ~ n c e  bexarneihylrnct -1e-tramine r p q u i r e s  
elevated temperatures  for decomposition, two-stage res ins  a r e  stable a t  
room temperature.  Resoles  can polymerize a t  room temperat?- re. 
Although many genera l  r e f e r e n c e s  to the use  of 
"phenolic" r e s i n s  a s  b inders  for  ca rbon-graph i te  ma t e r i a l s  can  be found i n  
the l i t e r a tu r e ,  speci f ic  information a s  to the var ie ty  of r e s i n  used ( i .  e . ,  
type, manufac tu re r ,  method of p repara t ion ,  g rade ,  e tc .  ) often i s  n o t  included. 
This type of informat ion was  contained in the previously  ci ted work of the 
Armour  R e s e a r c h  Foundation. Armour  obtained a coking value of 5 0 , 2  p e r -  
cen t  f o r  Bakeli te  BRP-5095 r e s i n  and 37. 3 pe r cen t  f o r  the phenol-benzalde-  
hyde res in .  ( 6 5 ) ~ h e  phenol-benzaldehyde r e s i n  wi l l  no t  be  d i scussed  in this  
r epo r t ,  s ince  i t  i s  no t  a  commerc i a l l y  avai lable  res in .  The A r m o u r  Resea r ch  
Foundation produced s m a l l  quant i t ies  of the phenol -benzaldehyde for thei r  
exper imenta l  vyork. The BRP-5095 m a t e r i a l  i s  a two-stage phenol- formalde - 
hyde r e s i n  molding powder.  Compacts  w e r e  p r epa red  by Armour  by  using 
the Bakeli te  BRP-5095 r e s i n  (60 p a r t s  by weight)  and Texas  Lockpor t  No. 90 
pe t ro leum coke f lour  (100 p a r t s  by weight).  (66) The r e s i n  w a s  dissolved in 
acetone and mixed with coke in  a cookie mixer  until  d ry .  Dissolving t h e r e s i n  
in acetone p r ~ d u c e d  a good coating of the binder  around the par t i cu la te  f i l l e r  
mate r ia l .  Chunks of the d r y  mix ture  w e r e  heated a t  100°C for  one hou r  to  
d r ive  off any r ema in ing  acetone;  the m a t e r i a l  was  then bal l  milled and sif ted 
through a No. 40 s c r een .  The mix ture  was  warm-molded  (80°C)  a t  p r e s -  
s u r e s  of 6000 p s i  to 16, 000 ps i ,  a f t e r  which the compac t s  w e r e  f i r s t  baked 
to 1000°C and then exposed to a graphi t iz ing t empe ra tu r e  of 2800°C. 
Evaluation of the phenol -formaldehyde r e s i n  
bonded compac ts  h e a t  t r ea ted  to 2800°C included a m e a s u r e m e n t o f t h e i r  bulk 
dens i t i e s ,  e l e c t r i c a l  r e s i s t a n c e s ,  and poros i t i e s .  Armour  noted no p r o -  
nounced tendency fo r  the g r e e n  dens i t i e s  of the compac t s  to i nc r ea se  a s  the 
molding p r e s s u r e  w a s  i nc r ea sed .  A s amp le  identified a s  No. 119, whichhad 
been molded a t  14 ,000  ps i ,  had a g r een  densi ty  of 1. 59 g / cc .  After the c o m -  
pacts  w e r e  baked a t  1000°C, ~ h ~ s i c a l  d imensions  dec r ea sed  approx imate ly  
e ight  pe r  cen t  fo r  the phenol-formaldehyde compac ts ,  compared  with only 
0 .6  pe r cen t  for  the s a m p l e s  produced f r o m  the s a m e  coke f lour  (100 p a r t s  
by weight) and a coa l  t a r  pi tch binder  (38  p a r t s  by weight).  The 1000°C 
baked density of s amp le  No, 119 w a s  1 , 4 3  glee. After being h e a t  t r ea ted  t o  
2800°C, sample  No.  l i.9 h a d  a d e n s i t y  of 1, 70 g/cc and a t o t a l  porosi ty-  of 
2 4 .  9 p e r c e n t , a  p o r o s i t y  which  is  c o n s i d e r a b l y  l o w e r  than  the  35,  8 p e r c e n t  
m e a s u r e d  f o r  one of the p i tch-bonded c o m p a c t s .  A r m o u r  concluded  t h a t  the  
b i n d e r  p h a s e  of the  p h e n o l - f o r m a l d e h y d e  bonded c o m p a c t s  u n d e r w e n t  r e l a -  
t ive ly  l a r g e  s h r i n k a g e  d u r i n g  h e a t  t r e a t m e n t .  A c a r e f u l  e x a m i n a t i o n  of t he  
e l e c t r i c a l  r e s i s t a n c e s  obta ined  d u r i n g  the eva lua t ion  of the p h e n o l - f o r m a l d e -  
h y d e  bonded c o m p a c t s  i n d i c a t e s  t h a t  t hey  did n o t  g r a p h i t i z e  s o  w e l l  as t h o s e  
m a d e  wi th  c o a l  t a r  ~ i t c h , b i n d e r .  
L a t e r  w o r k  i n d i c a t e s  t he  c r y s t a l l i n i t y  of r e s i n  
b i n d e r  c a r b o n  which h a s  b e e n  h e a t  t r e a t e d  to  g raph i t i za t ion  t e m p e r a t u r e s  
( 6 9 )  i s  in f luenced  b y  the  f i l l e r  m a t e r i a l .  S m i t h  - s tudied  the  g r a p h i t i z a t i o n  b e  - 
h a v i o r  of b i n d e r  r e s i d u e s  d e r i v e d  f r o m  v a r i o u s  t h e r m o s e t t i n g  s y n t h e t i c  
r e s i n s .  In  the f i r s t  s e t  of e x p e r i m e n t s ,  the  r e s i n s  w e r e  used  as b i n d e r s  f o r  
c a r b o n  b l ack .  Hea t ing  to  2820°C  p roduced  a b i n d e r  c a r b o n  r e s i d u e  w h i c h  
w a s  n o t  s ign i f icant ly  g r a p h i t i z e d .  R e p e a t i n g  the  s a m e  e x p e r i m e n t s  w i th  t h e  
subs t i t u t ion  of g l a s s y  c a r b o n  f o r  t he  c a r b o n  b l a c k  p roduced  a b i n d e r  c a r b o n  
r e s i d u e  which  w a s  r e a s o n a b l y  w e l l  g r a p h i t i z e d  (LC = - 240&, doe, = 3. 36A). 
When the  r e s i n s  w e r e  u s e d  as b i n d e r s  f o r  a w e l l - g r a p h i t i z e d  f i l l e r ,  t he  
b i n d e r  c a r b o n  r e s i d u e  w a s  found t o  b e  g r a p h i t i z e d  to a n  e x t e n t  a p p r o x i m a t e l y  
equa l  to t h a t  of the  g r a p h i t e  f i l l e r .  
T h e  h igh  coking  va lue  of phenol  - f o r m a l d e h y d e  
r e s i n  i n d i c a t e s  t h a t  t h i s  m a t e r i a l  i s  a po ten t i a l l y  p ~ o m i s i n g  b i n d e r  f o r  p r o -  
duc ing  s t r o n g  c a r b o n  - g r a p h i t e  s e a l  r i n g s .  T h e  h i g h  s h r i n k a g e  d u r i n g  bak ing  
which  m a y  o c c u r  when  a pheno l - fo rma ldehyde  r e s i n  is u s e d  would c o n t r i b u t e  
to low p o r o s i t y  in  the  pheno l i c  - r e s i n  -bonded c o m p a c t s  and ,  t h e r e f o r e ,  should  
a i d  the  oxida t ion  r e s i s t a n c e  of a c a r b o n - g r a p h i t e  s e a l  r i n g .  
b. F u r f u r y l  Alcohol  R e s i n  
F u r f u r y l  a l coho l  i s  a low v i s c o s i t y  l iqu id  
p r e p a r e d  b y  the  hydrogena t ion  of f u r f u r a l ,  which  i s  e x t r a c t e d  f r o m  vege tab Ie  
m a t e r i a l s  t h rough  ac id  t r e a t m e n t .  T h e  g e n e r a l  t e r m  f u r a n  r e s i n  i s  o f ten  used  
--
to r e f e r  to  condensa t ion  p r o d u c t s  i n  wh.ich one of the s t a r t i n g  m o n o m e r s  i s  
f u r f u r a l  o r  f u r f u r y l  a l coho l ,  F u r f u r y l  a l coho l  c a n  b e  p o l y m e r i z e d  in the  p r e s -  
e n c e  o f -  a n  a c i d  c a t a l y s t ,  u sua l ly  with heat, t h rough  a hydrogena t ion  - c o n d e n -  
s a t ion  r e a c t i o n ,  P o l y m e r s  v a r y i n g  f r o m  l o w - v i s c o s i t y  l i qu ids  to b r i t t l e ,  
fus ib le  sol ids  may be obtained by a l t e r ing  reac t ion  conditions. Nextra l iza t ion 
and r emova l  of wa t e r  provides  a s t ab le  p roduc t  fo r  s t o r age ,  Cur ing  of these  
r e s i n s  i s  accomplished by addition of e i the r  m ine ra l  o r  organic  ac id .  The 
s t reng th  of the acid and t empe ra tu r e  de t e rmine  the r a t e  of r e s i n  cu r e .  The 
cu red  r e s i n  is a b r i t t l e  infusible solfd, 
High coking value,  abil i ty to we t  f i l l e r  m a t e r i a l ,  
and low shr inkage a r e  c h a r a c t e r i s t i c s  accompanying the pyro lys i s  of s o m e  
fu r fu ry l  alcohol r e s i n s  which have prompted r a t h e r  extensive  r e c e n t  r e s e a r c h  
on the u se  of th i s  ma t e r i a l  a s  a b inder  fo r  carbon-graphi te  bodies.  During 
e a r l i e r  work ,Armour  R e s e a r c h  Foundation r epo r t ed  a coking value of 49. 1 
p e r c e n t  f o r  Durez  16470 RI-3385 r e s i n ,  a fu r fu ry l  alcohol r e s i n  manufac-  
tured by the Hooker E l ec t rochemica l  Company. (Q'  his fur fu ry l  a lcohol  r e s i n  
contained a five pe r cen t  by weight  of Durez  17932, a polymerizat ion ca ta lys t .  
Fu r fu ry l  alcohol r e s i n  -bonded compac ts  h e a t  t r ea ted  to graphi t iz ing t e m p e r a -  
t u r e s  we re  p r epa red  by Armour .  Texas  Lockpor t  No. 90 pe t ro l eum coke 
f lour (100 p a r t s  by weight)  w a s  mixed fo r  two h o u r s  in a cookie m ixe r  with 
the Durez  16470 RI-3385 r e s i n  (20 p a r t s  by weight).  The fu r fu ry l  alcohol 
r e s i n  contained five p e r c e n t  by weight  of the Durez  17932 a c c e l e r a t o r ,  Within 
two h o u r s  a f t e r  mixing, g r een  compac ts  w e r e  warm-molded  (125°C)  a t  p r e s -  
s u r e s  of 8000 p s i  and 10, 000 psi.  Molding p r e s s u r e  was  maintained f o r  two 
minutes.  The g r een  plugs w e r e  subsequently baked to 1000°C and then h e a t  
t r ea ted  to a graphi t iz ing t empe ra tu r e  of 2800°C. 
Evaluation of the fu r fu ry l  alcohol,  res in-bonded 
compac ts  a l s o  included measu r ing  thei r  bulk dens i t i e s ,  e l e c t r i c a l  r e s i s t -  
ance s ,  and poros i t i e s .  A g r een  compac t  identified a s  Sample  No, 200 which 
was  molded a t  10, 000 p s i  had a densi ty  of 1. 74 g /cc .  Of the four types  of 
b inde r s  (including a coa l  tar pitch) evaluated by A r m o u r ,  the fu r fu ry l  a lcohol  
r e s i n  b inder  produced compae ts  with the h ighes t  g r een  dens i t i e s  and g r e a t e s t  
in te rna l  homogeneity.  Baking to 1000°C produlced a d imensional  sh r inkage  
of 0, 9 pe r cen t  fo r  the compae t s  bonded with the fu r fu ry l  alcohol r e s i n .  
Sample N o ,  200  had a baked density of 1, 64 g/cc, After being heat t r ea ted  
a t  2 8 0 0 ° C ,  s amp le  N o ,  200 had an  appa~ en t  d e n s i t y  of 1, 7 1 g / c c  and a total  
poros i ty  of 26, 2 percen t ,va lues  whish a r e  comparab le  with those of the phenol-  
formaldehyde r e s i n  bonded compac t  d i scussed  in  the preceding sect ion.  
Measu remen t s  of the e l e c t r i c a l  r e s i s t ance  indicated that  the fu r fu ry l  a lcohol  
r e s i n  bonded plugs "graphi t izedt '  to a re la t ive ly  high degree .  Armour  con - 
cluded that,  although liquid fu r fu ry l  alcohol and phenol-formaldr~h yde a r e  
both b inde r s  of cons iderab le  me r i t ,  liquid fu r fu ry l  alcohol a p p e a r s  to p r o -  
vide the b e s t  overa l l  b inder  p roper t i es .  
The Oak Ridge National  Labora to ry  evaluated 
numerous  pi tches  and r e s i n s  dur ing the i r  investigation of methods  to b e  used 
f o r  fabr ica t ing  nuc l ea r  fueled -graphi te  s p h e r e s .  (62) A high coking value  and 
solubil i ty of the binder  in a volatile liquid w e r e  the r equ i r emen t s  s t r e s s e d  
dur ing the binder evaluation. A soluble b inder  was  requ i red ,  s ince  the 
addition of a solvent  would allow fo r  mixing in a liquid medium,  a n e c e s s a r y  
condition fo r  good coating of the binder around the pa r t i c l e s  of the f i l l e r  
ma t e r i a l .  The "benzene -soluble f rac t ion of Varcum,  a furan r e s in "  w a s  
se lec ted  a s  the binder  having the b e s t  p rope r t i e s .  
E d s t r o m  e t .  al. '72) invest igated a fu r fu ry l  
a lcohol  r e s i n  binder which had 16 p e r c e n t  of the wate r  f r o m  the condensat ion 
react ion removed a f t e r  p r e  -polymerizat ion by  activated a lumina.  They e m -  
ployed para - to luene  sulfonic ac id  a s  a ca ta lys t ;  this  high viscosi ty  r e s i n  was  
submitted to them fo r  evaluation by A r m o u r  Resea r ch .  (IJ) Plugs  p r e p a r e d  
with th is  b inder  and a graphi te  f i l l e r  c racked  extensively  when baked to  800°C. 
F e w e r  c r ack ing  p rob l ems  w e r e  encountered with plugs made f r o m  a coke  
f i l l e r .  The s t r eng th s  and Young's moduli of the plugs bonded with th is  r e s i n  
and h e a t  t r ea ted  to graphi t iz ing t e m p e r a t u r e s  w e r e  lower  than those of plugs 
p roce s sed  with a p i tch-sul fur  binder.  T h e s e  physical  p rope r ty  d i f fe rences  
w e r e  a t t r ibu ted  to nonuni fo rm d i spers ion  of the r e s i n  on the f i l l e r  p a r t i c l e s  
and to high shr inkage  and weight  l o s s  dur ing  baking. 
LASE h a s  used V a r c u m  8251 fu r fu ry l  a lcohol  
r e s i n  extensively  in thei r  r e s e a r c h  on ca rbon  and graphite,  They have  p r o -  
duced s m a l l  d i ame te r  r o d s  of an extruded,  res in-bonded graphite identified 
a s  Lo t  A A Q I  using Varcum 8251 r e s i n  a s  the binder ,  This graphi te  lo t  h a s  
been discussed  in the section of this  r e p o r t  entitled " A r t i f i c i a l  Graph i te ,  " 
Maleic  anhydride,  in a propor t ion of four p e r c e n t  b y  weight  of fu r fu ry l  alcohol 
r e s i n ,  w a s  included in the binder l eve l  of 2 7  p a r t s  by weight  to a c t  a s  a poly-  
mer iza t ion  ca ta lys t .  Evalua,tion of L o t  AAQ1 graphi te  h a s  shown i t  to be  
re la t ively  s t r ong  and ve ry  uniform. The binder phase  of this  m a t e r i a l  g r aph -  
i t ized considerably  a f t e r  h e a t  t r e a tmen t  a t  2800°C. 
Liquid fu r fu ry l  alcoh.01 r e s i n  a p p e a r s  to be  a 
potential ly good r a w  m a t e r i a l  for  u se  as a b inder  in a ca rbon-graph i te  s e a l  
r i n g  formulation.  The high coking value poss ible  with a fu r fu ry l  a lcohol  r e s i n  
indicates  that  th is  thermoset t ing m a t e r i a l  can  produce s t r ong  ca rbon  -graphi te  
s ea l  r ings .  Th is  r e s i n  can w e t  f i l l e r  m a t e r i a l s  and h a s  produced high densi ty  
graphi te  bodies.  Fu r fu ry l  alcohol r e s i n  a l s o  a p p e a r s  to  be  a good binder  for  
developing oxidation r e s i s t a n t  ca rbon-graph i te  s e a l  r ings :  the r e s i n  can b e  ' 
r 'eadily graphi t ized,  and compac ts  made  with the r e s i n  can  have  low porosi ty .  
c .  Polyphenylene Sulfide R e s i n  
Polyphenylene sulf ide r e s i n  a p p e a r s  to be  a 
p romi s ing  ca rbon  binder mate r ia l .  The l i t e r a t u r e  pointed out that  polyphen- 
ylene sulfide h a s  a re la t ive ly  high theore t i ca l  ca rbon  content  (approx imate ly  
65 percen t )  and that  t h e r m a l  degradat ion of the m a t e r i a l  p roduces  a l a r g e  
res idue .  (3) No r e f e r e n c e  to the u se  of this  ma t e r i a l  as a binder  f o r  c a rbon -  
graphi te  m a t e r i a l s  was  found. The high theore t i ca l  c a rbon  content  and the 
poss ibi l i ty  of a l a r g e  amount  of r e s i due  remain ing  a f te r  pyro lys i s  may  make  
polyphenylene sulf ide a good binder  for  a ca rbon  -graphi te  s e a l  r i n g  ma te r i a l ,  
The Ph i l l ips  P e t r o l e u m  Company produces  a 
polyphenylene sulf ide r e s i n  powder cal led Ryton which i s  avai lable  in deve l -  
opmental  quanti t ies.  (3) This  ma t e r i a l  i s  a f r e e  flowing white powder of 
nominal  10 micron  pa r t i c l e  s ize .  Heat ing the m a t e r i a l  in a i r  a t  t e m p e r a t u r e s  
of 6 5 0 ° F  to 7 0 0 ° F  c a u s e s  t h e r m a l  c ross - l ink ing ,  a condition which g r ea t l y  
i n c r e a s e s  molecu la r  weight  and i s  a s i t a l  p roce s s ing  s t e p  fo r  molding, 
Although the m a t e r i a l  i s  no t  a t rue  t he rmose t ,  i t  i s  the rmose t t ing  in na tu r e  
since i t  will n o t  soften unti l  heated to  the t empe ra tu r e  reached dur ing  cur ing .  
Some softening is a lways  poss ible  if the r e s i n  is  subjected to  sufficient hea t ,  
Tbe Phi l l ips  Pe t ro leurn  Company r e p o r t s  tha t  the unpyrolyzed r e s i n  has  
unusually good wett ing action on mos t  s u b s t r a t e s  and a l l  common f i l l e r s ,  
r esu l t ing  in filled p a r t s  and l amina tes  of ve ry  high s t rength .  
The b rochu re  i s sued  by the Phi l l ips  P e t r o l e u m  
Company on the polyphenylene sulfide r e s i n  d e s c r i b e s  some  compac ts  which 
have  been p r epa red  by  us ing the unpyrolized r e s i n  as the binder .  F i l l e r s  
used included ground g l a s s ,  a sbe s to s ,  and m i n e r a l  powders ;  no  ca rbon  o r  
graphi te  was  used. The polyphenylene sulf ide r e s i n  was  d r y  blended with 
the f i l l e r s  in the d e s i r e d  propor t ions .  After  the mixtures  w e r e  blended,  
they w e r e  heated in a 6 5 0 ° F  to 7 0 0 ° F  c i rcu la t ing  air oven fo r  approximately  
one hou r .  The a i r  c i rcu la t ing  through the mix tu r e s  produced c r o s s  - l inking 
of the r e s i n  and wett ing of the f i l l e r s .  Compac ts  w e r e  molded a t  t e m p e r a -  
t u r e s  between 6 0 0 ° F  and 7 0 0 ° F ;  p r e s s u r e s  of 1000 p s i  o r  g r e a t e r  w e r e  
applied for  f ive minutes .  The compac ts  w e r e  cooled to 3 0 0 ° F  while under  
p r e s s u r e  and then e jected.  
3. Selection of F o u r  Binder  Ma te r i a l s  fo r  Exper imenta l  
Screening Studies 
At  the conclusion of the l i t e r a t u r e  s e a r c h  on binder  r a w  
ma te r i a l s ,  four m a t e r i a l s  w e r e  se lected to b e  used in f u r t he r  expe r imen t a l  
"bench sca le"  sc reen ing  s tudies .  Coking value w a s  one of the p r i m a r y  con-  
s ide ra t ions  fo r  se lect ion of the four b inder  m a t e r i a l s ,  s ince  a high coking 
value binder i s  r equ i r ed  to produce s t r ong  ca rbon-graph i te  s e a l  r ings .  The 
se lect ion of the four  b inder  r aw  m a t e r i a l s  r equ i r ed  the approva l  of the NASA 
P r o j e c t  Manager.  
The four  b inder  r aw  m a t e r i a l s  approved by the NASA P r o j e c t  
Manager  a r e :  
(1) B a r r e t t N o .  30 MH Coal T a r  Pi tch--Manufactured 
by the Allied Chemica l  Company. The L o s  Alamos Scientific Labo ra to ry  
h a s  used this  the rmoplas t i c  ma t e r i a l  to p r e p a r e  ca rbon-graph i te  compacts . .  
( 2 )  V a r c u m  825  1 - - A da rk ,  thermoset t ing,  liquid r e s i n  
r n a n ~ f a c  tQred by Reichold Chemica l s  Incorporated,  The Los  Alarnos Scientific 
Labora to ry  h a s  studied Va rcum 8251 extensively  a s  a b inder  m a t e r i a l  for  
ca rbon-graph i te  bodies.  
(3)  Bakel i te  BRP-5095 Res in  - -  An unplast icized two- 
s tage  phenol-formaldehyde r e s i n  powder manufactured by  the Union Carb ide  
Corporat ion.  Th2e A r m o u r  R e s e a r c h  Foundation h a s  studied this  the rmose t t ing  
ma te r i a l  a s  a b inder  f o r  ca rbon  bodies.  
(4)  Ryton Res in  - -  A polyphenylene sulfide r e s i n  powder 
manufactured by the Ph i l l ips  P e t r o l e u m  Company. 
B a r r e t t  No. 30 MH (med ium h a r d )  coa l  tar pi tch  was  se lec ted  
as one of the four  b inder  r a w  rna te r ia l s  because  LASL had prev ious ly  used the 
pitch to produce s t r ong  ca rbon-graph i te  compac t s .  Diff icult ies a r o s e  when 
the Cont rac to r  a t t empted  to o r d e r  B a r r e t t  No. 30 MH coal  t a r  pitch, Allied 
Chemical  Company p r e sen t l y  p roduces  No. 30 medium pi tch  (softening point  
approximately  98°C to  103°C) and No. 30 h a r d  pitch (softening point approx i -  
mate ly  108°C to 113°C);  however ,  the production of No. 30 MH pitch was  
discontinued in June, 1967. The p rob l em w a s  reso lved  by gaining the  approva l  
of the NASA - P r o j e c t  Manager  to subst i tu te  B a r r e t t  No. 30 medium pitch f o r  
the B a r r e t t  No. 30 MH pi tch  which ini t ial ly had been approved.  
The coking value of 52 p e r c e n t  measu red  fo r  No. 30 med ium 
pitch by the A r m o u r  R e s e a r c h  Foundation indicates  that  this  pitch i s  a poten-  
tially good binder  f o r  producing s t r ong  ca rbon-graph i te  s e a l  r ings .  The 
re la t ively  low softening point of No. 30 medium pitch wil l  p e r m i t  good d i spe r  - 
sion of this  b inder  on the f i l l e r  pa r t i c l e s  by using conventional h o t  mixing 
techniques.  The softening point should be  s'ufficiently high to min imize  
dis tor t ion p rob l ems  dur ing baking. The f a c t  that  this  pi tch can be r ead i l y  
graphit ized wi l l  enhance the oxidation r e s i s t a n c e  of molded compac ts ,  Since 
coal  t a r  pitch i s  the m o s t  commonly used c o m m e r c i a l  ca rbon  b inder ,  B a r r e t t  
N o ,  30 medium pitch will be  used a s  a basel ine  in the evaluation of b inder  
ef fect iveness  d u r i n g  the exper imenta l  screening s t u d i e s ,  
Varcum 8251 furfuryl alcohol res in  w a s  selected a s  a binder 
raw mater ial  warranting experimental evaluation for carbon -graphite sea l  ring 
formulations. This res in  binder is  a liquid and can be dispersed readily on the 
fi l ler for good coating of the f i l ler  par t ic les .  Varcum 8251 re s in  binder was 
used by LASL to produce a uniform lot of high density, high strength graphite. 
When used a s  a carbon binder, this r e s in  has  produced relatively low porosity 
compacts. Lowering the porosity of carbon-graphite sea l r ings  should enhance 
their oxidation resistance. The fact  that the Yarcum 825 1 . res in can be readily 
graphitized when in the presence of a graphite fi l ler should a l so  enhance the 
oxidation resis tance of molded carbon-graphite sea l  r ing mater ials .  
Bakelite Grade BRP-5095 res in  also was selected a s  a binder 
raw mater ia l  for experimental evaluation. This phenol -formaldehyde r e  sin 
powder can be readily dissolved in liquids for  mixing with the fi l ler particles.  
Grade BRP-5095 re s in  has  a high coking value and has  produced relatively 
low porosity carbon bodies. This res in  may produce a glassy binder carbon 
which should enhance the wear  and oxidation resis tance of the sea l  ring 
material .  
Ryton polyphenylene sulfide r e s in  was selected a s  a potential 
carbon binder, since this type of res in  has  a high theoretical carbon content 
and can leave a large residue after undergoing thermal  degradation. This 
la t ter  character is t ic  may make Ryton r e s in  a good binder for carbon-graphite 
sea l  rings.  
C. Oxidation-Inhibiting Impregnants and Additives 
Finished carbon -graphite sea l  rings almost  always contain additives 
or impregnants which help them meet  the requirements  of a particular sealing 
application. Resins ,  metals,  and ce ramics  a r e  common impregnants for  pump 
sea ls . '  Insoluble inorganic compounds f rom the fluoride or sulfide family can 
be used a s  fi lm-forming additives for carbon-graphite sea l  rings.  Ai rcraf t  
sea ls  a r e  exposed to very high ambient a i r  temperatures  and, therefore,  r e -  
quire  impregnation with, o r  the addition of, temperature stable inorganic sal ts  
which act as anti-oxidants, Since the purpose of this Contract is to develop 
oxidation-resistant carbon-graphite seal ring m a t e r ~ a l s ,  this section of the 
r e p o r t  wil l  be l imi ted do the discuss ion of oxidation-inhibiting irnpregnants 
and addit ives.  
The oxidation of ca rbon  and graphi te  m a t e r i a l s  is a h e t e r o -  
geneous reac t ion  between a g a s  and a porous  solid. The oxidation r a t e  may 
be controlled by one o r  m o r e  of the following s t ep s :  
(1)  m a s s  t r a n s p o r t  of the oxidizing g a s  and the products  of 
oxidation a c r o s s  a boundary l aye r  of re la t ive ly  s tagnant  ga s  which ex i s t s  at 
the outer  su r f ace  of the solid;  
( 2 )  m a s s  t r a n s p o r t  of the oxidizing ga s  f r o m  the ex t e r i o r  
su r f ace  to  an  ac t ive  s i t e  within the solid and m a s s  t r a n s p o r t  of the oxidation 
products  to the outer  su r f ace ;  and 
( 3 )  chemisorp t ion  of the oxidizing gas  at an act ive  s i t e ,  r e  - 
a r r a n g e m e n t  of the chemisorbed  gas  on the su r f ace  to a desorbable  product ,  
and desorpt ion of the p roduc t s  f r o m  the sur face .  
A number  of f a c t o r s  de t e rmine  which oxidation mechan i sm  
controls  the react ion.  Tempera tu r e  is one of these  f ac to r s .  At  the t e m -  
p e r a t u r e s  that  can be  encountered by the s e a l  r i ng  m a t e r i a l s  developed f o r  
this  Cont rac t  (up to 1300 O F ) ,  the third mechan i sm  will  probably  dominate .  
The p r o c e s s  by which a ca rbon-graph i te  s e a l  r ing  i s  i m p r e g -  
nated with an  oxidation inhibiting t r e a tmen t  cons i s t s  bas ica l ly  of vacuum 
evacuation,  impregnat ion,  p r e s su r i z a t i on ,  and curing.  The re  a r e  t h r e e  
mechan i sms  by which the impregnan t  may r e t a r d  oxidation: 
(1)  the impregnan t  may f o r m  a g l a s s  which wets  the ca rbon  
and impur i t i e s  to f o r m  an imperv ious  b a r r i e r  aga in s t  the oxidizing gas ,  
(2)  the impregnan t  may s e a l  off the opening to a po re  and 
p r even t  en t rance  of the oxidizing ga s ,  and 
( 3 )  the impregnan t  may r e a c t  with those impur i t i e s  w h i c h a r e  
oxidation a c c e l e ~ a t o r s  to conve r t  t hem to inactive impur i t i e s  o r  even 
inhibitors, 
T h e  i m p u r i t y  c o n t e n t  of a g r a p h i t e  h a s  a s i g n i f i c a n t  e f f e c t  on 
the r a t e  a t  which  i t  ox id i zes ,  M o s t  m e t a l s  a r e  known to b e  c a t a l y s t s  f o r  the  
oxidat ion of g raph i t e ,  w h e r e a s ,  all known oxidat ion i n h i b i t o r s  a r e  e i t h e r  non-  
m e t a l s  o r  n o n m e t a l l i c  i n  n a t u r e .  R a k s z a w s k i  and  P a r k e r ,  who s t u d i e d  the 
e f f e c t s  of G r o u p  IIIA-VIA ( p e r i o d i c  t ab l e )  e l e m e n t s  and  t h e i r  ox ides  on g r a p h -  
i t e  o x i d a t i o n ' ~ )  found t h a t  b o r i c  oxide a n d  phosphorous  r a t h e r  s ign i f i can t ly  
r e d u c e  the  oxidat ion of g r a p h i t e  a t  t e m p e r a t u r e s  up to  800°C .  A p a t e n t  h e l d  
by the Union C a r b i d e  c o r p o r a t i o n ( % ) w h i c h  p e r t a i n s  to  t he  No. 83 t r e a t m e n t  
s t a t e s  ".,. . . the  u se fu l  l i f e  of p h o s p h o r i c  a c i d  a s  a n  oxida t ion  r e t a r d a n t  c a n  
be  ex tended  b y  r e a c t i n g  it ' i n  s i t u l  wi th  co l lo ida l  s i l i c a  t o  f o r m  a s i l i c o n -  
p h o s p h o r o u s  -oxygen c o m p l e x  ( e x a m p l e ,  s i l i c o  phospha te )  i n  the  p o r e s  of 
g r a p h i t e  a r t i c l e s .  " H a s t i n g s  and  Z e i t s c h  h a v e  r e p o r t e d  t h a t  a g r a p h i t e  co rn -  
p o s i t e  known as G r a d e  JTA h a s  oxidat ion p r o t e c t i o n  f o r  the  fu l l  t e m p e r a t u r e  
r a n g e  to  a p p r o x i m a t e l y  3 5 0 0 ° F .  (G)  The  s t a r t i n g  m a t e r i a l  f o r  G r a d e  JTA i s  
a b lend  of powdered  g r a p h i t e ,  p i tch ,  z i r c o n i u m  d ibo r ide ,  and  s i l i con .  
A s  p r e v i o u s l y  ind ica t ed ,  t he  addi t ion  of b o r o n  e n h a n c e s  the  
oxida t ion  r e s i s t a n c e  of g r a p h i t i c  m a t e r i a l s .  Borona ted  g r a p h i t e s  g e n e r a l l y  
a r e  p r o d u c e d  by  adding  B4C p a r t i c l e s  t o  the m i x  e a r l y  i n  the  m a n u f a c t u r i n g  
p r o c e s s .  A t  the  m e l t i n g  po in t  of B4C ( a p p r o x i m a t e l y  2450°C) ,  the  m a x i m u m  
so lub i l i t y  of b o r o n  i n  g r a p h i t e  i s  a p p r o x i m a t e l y  2. 3 a t o m i c  p e r c e n t .  ( 
When borona ted  g r a p h i t e s  a r e  exposed  to  oxid iz ing  condi t ions ,  m o l t e n  B Z 0 3  
f o r m s  on the s u r f a c e  of the  g r a p h i t e .  The  s u r f a c e  coa t ing  of B Z 0 3  m a s k s  
the  a c t i v e  s i t e s  of the  g r a p h i t e  and ,  t h e r e f o r e ,  r e d u c e s  the oxida t ion  r a t e .  
Although the  addi t ion  of b o r o n  r e d u c e s  the ac t iva t ion  e n e r g y  of g r a p h i t e ,  
i n c r e a s i n g  b o r o n  c o n t e n t  w i l l  p r o d u c e  enough of the  p r o t e c t i v e  B z 0 3  to  o v e r  - 
shadow the  c a t a l y t i c  e f f e c t  of the  r e d u c e d  ac t iva t ion  e n e r g y .  The  oxida t ion  
r a t e  of b o r o n a t e d  g r a p h i t e s  d e c r e a s e s  w i th  i n c r e a s i n g  b o r o n  content .  T h e o -  
r e t i c a l l y ,  m o i s t u r e  i n  the  a i r  should  s t r i p  off the a c c u m u l a t e d  B 2 0 3  by  the 
f o r m a t i o n  of vo la t i l e  H B 0 2 .  H o w e v e r ,  r e c e n t  e x p e r i m e n t s  h a v e  shown  t h a t  
the a c c u m u l a t e d  B z 0 3  w a s  n o t  s t r i p p e d  a w a y  f r o m  borona ted  g r a p h i t e  s a m p l e s  
when they  w e r e  oxidized in  the  p r e s e n c e  of m o i s t  oxygen. ( 3) 
T r a s k  h a s  p r e p a r e d  boronated  g r a p h i t e s  by  s t a r t i n g  wi th  a  
m i x t u r e  of coke  and  c o a l  t a r  p i t ch  to  which  S c C  w a s  added  in p e r c e n t a g e s  
v a r y i n g  be tween  0. 5 and  7. 5.  (3' Thi s  i nves t iga to r  no ted  the  d e c r e a s e  in  
oxidat ion r a t e  a s  a  func t ion  of the  i n c r e a s e  in  b o r o n  content .  H e  a l s o  ob-  
s e r v e d  tha t ,  when  the  bo ron-con ta in ing  m a t e r i a l s  w e r e  h e a t e d  to  2200°C ,  
they  h a d  i n t e r l a y e r  s p a c i n g s  and  c r y s t a l l i t e  s i z e s  e q u i v a l e n t  t o  t h e  n o n -  
add i t i ve  g r a p h i t e  h e a t e d  to  2750°C.  The  o b s e r v a t i o n  i n d i c a t e s  t h a t  t h e B 4 C  
add i t i ve  a c t e d  a s  a g r a p h i t i z a t i o n  c a t a l y s t .  
S ince  the  u s e  of B4C as a n  oxida t ion- inhib i t ing  add i t i ve  
w a r r a n t e d  add i t i ona l  e x p e r i m e n t a l  s tudy ,  i t  w a s  inc luded  a s  a n  add i t i ve  in  
the  m a t e r i a l  s y s t e m s  p r o d u c e d  f o r  t he  e x p e r i m e n t a l  s c r e e n i n g  s t u d i e s .  T h e  
m a t e r i a l  s y s t e m s  a r e  d i s c u s s e d  i n  a l a t e r  s e c t i o n  of t h i s  r e p o r t .  
A r e c e n t  s tudy  of f l u o r i d e  so l id  l u b r i c a n t s  w a s  conducted  at  
the NASA L e w i s  R e s e a r c h  C e n t e r .  T h e  NASA i n v e s t i g a t o r s  found t h a t  
C a F 2 - B a F 2  m i x t u r e s  c a n  b e  u s e d  as a coa t ing  on b e a r i n g  c a g e s  o r  a s  a 
f i l l e r  in  p o r o u s - b e a r i n g  c a g e s  to  p r o d u c e  l u b r i c a t e d  b a l l  b e a r i n g s  wh ich  
(80981) w i l l  o p e r a t e  s u c c e s s f u l l y  i n  a i r  a t  t e m p e r a t u r e s  f r o m  1200" F to  1500" F. - - 
G r a p h i t e  f l u o r i d e  (CF,), a l s o  w a s  inve  s t i ga t ed  as a po ten t i a l  so l id  l u b r i c a n t .  (82)  
T h e  NASA p e r s o n n e l  found t h a t  g r a p h i t e  f l u o r i d e  wi l l  l u b r i c a t e  in  m o i s t  air,  
d r y  a i r ,  o r  d r y  a r g o n  t o  a t e m p e r a t u r e  of a p p r o x i m a t e l y  400°C.  S t a i n l e s s -  
s t e e l  d i s c s  l u b r i c a t e d  wi th  g r a p h i t e  f l u o r i d e  w e r e  found t o  h a v e  a l o n g e r  w e a r  
l i f e  t han  those  l u b r i c a t e d  wi th  e i t h e r  g r a p h i t e  o r  MoS2. 
T h e  r e s u l t s  of the NASA inves t iga t ion  on so l id  l u b r i c a n t s  m a y  
h a v e  po ten t i a l  u s e  in  the  d e v e l o p m e n t  of s e l f - l u b r i c a t i n g  c a r b o n - g r a p h i t e  s e a l  
r i n g s .  H o w e v e r ,  t e m p e r a t u r e  l i m i t a t i o n s  of the (CF,),, MoS2, and  C a F 2 - B a F 2  
so l id  l u b r i c a n t s  h a v e  e l i m i n a t e d  t h e i r  p o s s i b l e  u s e  a s  add i t i ves  o r  b i n d e r s  f o r  
the  c a r b o n - g r a p h i t e  s e a l  r i n g  f o r m u l a t i o n s  to  b e  p roduced  u n d e r  t h i s  C o n t r a c t .  
T h e  c a r b o n - g r a p h i t e  m a t e r i a l s  to  b e  p roduced  wi l l  b e  g raph i t i zed  a t  2 8 0 0 ° C  
s o  t h a t  the  h igh  oxida t ion  r e s i s t a n c e  r e q u i r e d  to  w i ths t and  the 1 3 0 0 ° F  ope r a t -  
i n g  a i r  t e m p e r a t u r e  wi l l  b e  obta ined .  
Oxidation inhibiting impregnants and additives somet imes  aid 
the performance of carbon-graphite sea l  rings by the promotion of a surface 
f i lm on the counterface, Present ly,  the mechanism by which these sur face  
f i lms aid performance i s  not fully understood. A review of the l i te ra ture  on 
boundary lubrication by Godfrey revealed that no adequate theory present ly 
ex is t s  that completely defines the mechanisms associated with boundary lubr i -  
cation. (Q' However, Godfrey concluded that the formation of a solid f i lm 
appears  to be essent ial  for effective lubr'icafion. 
E). - Materials  Process ing  
The Contractor reviewed the l i te ra ture  to ascer tain processing 
techniques that could be used to prepare  compacts f rom the four particulate 
and four binder raw mater ia l s  selected for fur ther  experimental studies. 
Reports issued by the Los Alamos Scientific Laboratory and the Armour 
Research  Foundation were  used a s  p r imary  sources ,  since they gave some 
of the most  detailed descriptions of techniques employed to produce carbon-  
graphite compacts. However, the two institutions were  pr imari ly  preparing 
relatively smal l  carbon-graphite bodies for their r e sea rch  work and, thus, 
they employed some equipment which i s  usually not used commercially to 
process  carbon-graphite mater ials .  F o r  example, the Armour Resea rch  
Foundation used a cookie mixer to prepare  i ts  mater ia l s ,  and the Eos Alamos 
Scientific Laboratory incorporated a meat  grinder a s  par t  of the mixing opera-  
tion. The l i te ra ture  sea rch  did indicate that the binder sys tem plays a key 
role in determining the processing techniques required. 
The Cont rac tor ' s  knowledge of carbon-graphite mater ial  processing,  
augmented by information gained through the l i te ra ture  survey, dictated the 
initial methods to be used for producing the mater ials  required under the 
scope of this Contract. Four different manufacturing cycles were  devised 
to sui t  the processing requirements  imposed by each of the four approved 
binder mater ials ,  The processing methods were devised to employ the type 
of equipment commercial ly  used to process  carbon-graphite mater ials .  
Molding  w a s  s e l e c t e d  a s  the  f o r m i n g  p r o c e s s  t o  b e  used ,  s i n c e  t h i s  
f o r m i n g  method p r o d u c e s  a l e s s  a n i s o t r o p i c  s t r u c t u r e  than  t h a t  ob ta ined  b y  
e x t r u s i o n .  H i g h e r  f o r m i n g  p r e s s u r e s  t han  t h o s e  usua l ly  appl ied  d u r i n g  c o n -  
ven t iona l  e x t r u s i o n  a r e  g e n e r a l l y  p r e f e r r e d  f o r  s e a l  r i n g  c o m p o s i t i o n s .  
Although i s o s t a t i c  f o r m i n g  o f f e r s  f u r t h e r  oppor tuni ty  f o r  ob ta in ing  a  m a t e r i -  
al w i t h  m o r e  n e a r l y  i s o t r o p i c  p r o p e r t i e s ,  the  p r o p e r  s e l e c t i o n  of r a w  
m a t e r i a l s  and  the  u s e  of mo ld ing  w e r e  c o n s i d e r e d  adequa te  to  su f f i c i en t ly  
m i n i m i z e  a n i s o t r o p y .  S ince  the u s e  of s h e a r  d u r i n g  mold ing  m a y  tend  to  
i n c r e a s e  the a n i s o t r o p y  of the  f o r m e d  body,  it w i l l  n o t  b e  used .  
T h e  fo l lowing  p r o c e s s i n g  m e t h o d s  w e r e  s e l e c t e d  f o r  t he  s c r e e n i n g  
s t u d i e s .  
(1) M a t e r i a l s  Bonded wi th  C o a l  T a r  P i t ch :  ( a )  Blend  f i l l e r  r a w  
m a t e r i a l s  f o r  one  hour . (b )  M i x  f i l l e r  and  b i n d e r  i n  a  s i g m a  b l ade  m i x e r  f o r  
one h o u r .  P r e h e a t  f i l l e r  and  m i x e r  t o  150°C b e f o r e  add ing  p i tch .  ( c )  C r u s h  
cooled  mix .  (d )  M i c r o m i l l  c r u s h e d  m a t e r i a l .  (e )  Blend  mi l l ed  m a t e r i a l f o r  
one  h o u r .  ( f )  Mold the  mi l l ed  m a t e r i a l  a t  r o o m  t e m p e r a t u r e  b y  u s i n g  a 
h y d r a u l i c  p r e s s .  (g )  P a c k  g r e e n  c o m p a c t s  wi th  coke  in  a s a g g e r  a n d  b a k e  
g r e e n  c o m p a c t s  a t  1 0 ° C / h o u r  to  1000°C.  (h)  Us ing  g r a p h i t e  p a r t i c l e s  a s  
the  pack ing  m e d i u m ,  h e a t  the  baked  c o m p a c t s  to  2800°C in a n  induct ion  
f u r n a c e .  
( 2 )  M a t e r i a l s  Bonded wi th  P h e n o l  - F o r m a l d e h y d e  R e s i n :  (a)  Blend  
f i l l e r  r a w  m a t e r i a l s  f o r  one h o u r .  (b )  D i s s o l v e  b i n d e r  i n  e q u a l  v o l u m e  of 
a c e t o n e  and  m i x  wi th  f i l l e r  i n  a s i g m a  b l a d e  m i x e r  f o r  one h o u r  a t  r o o m  
t e m p e r a t u r e .  ( c )  H e a t  m a t e r i a l  i n  a 7 5 ° C  c i r c u l a t i n g  a i r  oven  unt i l  a l l  t h e  
a c e t o n e  is e v a p o r a t e d .  (d)  T h e  r e m a i n i n g  p r o c e s s i n g  s t e p s  a r e  the s a m e  
as t h o s e  used  wi th  the  c o a l  t a r  p i tch-bonded m a t e r i a l s ,  s t a r t i n g  wi th  the 
c r u s h i n g  of the  m a t e r i a l  (p i tch  bonded S t e p  c ) .  
( 3 )  M a t e r i a l s  Bonded wi th  F u r f u r y l  Alcohol  R e s i n :  (a)  B l e n d  f i l l e r  
r a w  m a t e r i a l s  f o r  one h o u r .  (b)  D i s s o l v e  rna le ic  anhydr ide  ( 4  p e r c e n t  b y  
we igh t  of the f u r f u r y l  a l coho l  included in the  b i n d e r  l e v e l )  i n  the  b i n d e r  a n d  
m i x  with. f i l l e r  in  a s i g m a  bl.ade m i x e r  f o r  one h o u r  a t  r o o m  t empera tu . r e ,  
( c )  F o r c e  the m a t e r i a l  througli  a 10 to 2 0  m e s h  s c r e e n  to b r e a k  u p  any  m i x  
a g g l o m e r a t e s .  ( d )  Mold the s c r e e n e d  m a t e r i a l  a t  r o o m  temperature b y  
us ing  a  h y d r a u l i c  p r e s s .  f e )  T h e  o the r  p r o c e s s i n g  s t e p s  a r e  the s a m e  as 
those  u s e d  wi th  the c o a l  t a r  p i t ch  bonded m a t e r i a l s  s t a r t i n g  with baking the 
c o m p a c t s  to 1000°C (p i t ch  bonded S t e p  g). 
( 4 )  M a t e r i a l s  Bonded wi th  Po lypheny lene  Sulf ide R e  s in :  ( a )  B lend  
f i l l e r  r a w  m a t e r i a l s  f o r  one  h o u r .  (b)  D r y  b lend  the r e s i n  wi th  the f i l l e r  
f o r  one  h o u r  in  a t w i n - s h e l l  b l e n d e r  equipped  wi th  a n  i n t e n s i f i e r  b a r ,  
( c )  H e a t  the m i x  f o r  one  h o u r  a t  6 5 0 - 7 0 0 ° F  in  a c i r c u l a t i n g  a i r  oven. 
(d )  T h e  o t h e r  p r o c e s s i n g  s t e p s  a r e  the  s a m e  as those  used  wi th  the c o a l  tar 
p i t c h  bonded m a t e r i a l s  s t a r t i n g  wi th  the  c r u s h i n g  of t he  m a t e r i a l  (p i t ch  
bonded S t e p  c ) .  
P o r o u s  c a r b o n  b o d i e s  of ten a r e  i m p r e g n a t e d  wi th  t a r s ,  p i t c h e s ,  
s y n t h e t i c  r e s i n s ,  o r  c o m b i n a t i o n s  of t h e s e  m a t e r i a l s  when the  app l i ca t ion  
r e q u i r e s  a m a t e r i a l  w i th  low p o r o s i t y ,  h igh  dens i ty ,  and  h igh  s t r eng th .  
In f i l t r a t i on  of the  p o r e s  w i th  c a r b o n  d e p o s i t e d  by a h y d r o c a r b o n  g a s  ( p y r o -  
l y t i c  c a r b o n )  h a s  b e e n  r e c e n t l y  i nves t iga t ed .  '"'The m a t e r i a l s  a r e  u s u a l l y  
i n t r o d u c e d  b y  a v a c u u m - p r  e s s u r e  i m p r e g n a t i o n  p r o c e d u r e .  I m p r e g n a t i o n  
is fo l lowed by c a r b o n i z a t i o n  and ,  i n  m o s t  c a s e s ,  e x p o s u r e  t o  g r a p h i t i z a t i o n  
t e m p e r a t u r e s .  T h i s  type  of i m p r e g n a t i o n  w a s  c o n s i d e r e d  f o r  m a t e r i a l s  p r o -  
duced  d u r i n g  th i s  p r o g r a m  ( s e e  d i s c u s s i o n  of t he  s c r e e n i n g  s t u d i e s ) .  
E. Se lec t ion  of Twe lve  M a t e r i a l s  S y s  t e m s  f o r  E x p e r i m e n t a l  
S c r e e n i n g  S tud ie s  
A f t e r  the NASA P r o j e c t  M a n a g e r  a p p r o v e d  the  s e l e c t i o n  of the  
p a r t i c u l a t e  and  b i n d e r  r a w  m a t e r i a l s ,  12 m a t e r i a l  s y s  t e m s  f o r  e x p e r i m e n t a l  
s c r e e n i n g  s t u d i e s  w e r e  p r o p o s e d .  T h e  s y s t e m s  in i t i a l l y  s u b m i t t e d  f o r  a p -  
p r o v a l  are  l i s t e d  in  Tab le  I. G l a s s y  c a r b o n ,  one  of the  app roved  p a r t i c u l a t e  
so l id  r a w  . m a t e r i a l s ,  i s  l i s t e d  as a n  add i t i ve  in the t ab l e  s i n c e  i t  wi l l  b e  u sed  
in  r e l a t i v e l y  low c o n c e n t r a t i o n s .  The  12 m a t e r i a l  s y s t e m s  w e r e  s e l e c t e d  t o  
p e r m i t  a b i n d e r  eva lua t ion ,  a g r a p h i t e  eva lua t ion ,  a n  eva lua t ion  of b o r o n  
c a r b i d e  a s  a n  oxida t ion  inh ib i t ing  add i t i ve ,  and  a n  eva lua t ion  of ground g l a s s y  
c a r b o n  a s  an add i t i ve  f o r  i n c r e a s i n g  s e a l  ' l ife.  An a t t e m p t  w a s  to b e  m a d e  to  
p r o p o r t i o n  the so l id  r a w  m a t e r i a l s  (by  we igh t ) ,  employing the method u s e d  b y  
L e w i s  and  Gold m a n  f o r  d e t e r  min ing  o p t i m u m  p a r t i c l e  p a c k i i i g . ( ~ ~ '  ' f i e  o p t i m u m  
b i n d e r  c o n c e n t r a t i o n s  f o r  the p a r t i c u l a t e  r a w  m a t e r i a l s  w e r e  to  be e s t i m a t e d  
( 8 6 )  b y  the " s t e a r i c  ac id"  t echn ique  developed  by  EASL, - 
TABLE I. - TWELVE PROPOSED MATERIAL SYSTEMS 
%remm- 
Material 
S y s t e m  P a r t i c u l a t e  S o l i d  Raw Materials A d d i t i v e  B i n d e r  Raw Material 
CHP Art i f ic ia l  G r a p h i t e  & T h e r m a x  
CHP A r t i f i c i a l  G r a p h i t e  & T h e r m a x  
GHP A r t i f i c i a l  G r a p h i t e  & T h e r m a x  
CHP A r t i f i c i a l  G r a p h i t e  & T h e r m a x  
AS0 N a t u r a l  G r a p h i t e .  & T h e r m a x  
AS0 N a t u r a l  G r a p h i t e  & T h e r m a x  
CHP A r t i f i c i a l  G r a p h i t e  & T h e r m a x  
AS0 N a t u r a l  G r a p h i t e  & T h e r m a x  
CHP A r t i f i c i a l  G r a p h i t e  & T h e r m a x  
CHP A r t i f i c i a l  G r a p h i t e  & T h e r m a x  
CHP A r t i f i c i a l  G r a p h i t e  & T h e r m a x  
CHP A r t i f i c i a l  G r a p h i t e ,  AS0 
N a t u r a l  G r a p h i t e  & T h e r m a x  
B o r o n  C a r b i d e  
B o r o n  C a r b i d e  
G l a s s y  C a r b o n  
G l a s s y  C a r b o n  
G l a s s y  C a r b o n  
No. 3 0  M e d i u m  P i t c h  
V a r c u m  8 2 5 1  R e s i n  
B a k e l i t e B F S - 5 0 9 5  R e s i n  
R y t o n  P o l y p h e n y l e n e  
S u l f i d e  R e s i n  
No. 3 0  M e d i u m  P i t c h  
V a r c u m  8 2 5 1  R e s i n  
No. 3 0  M e d i u m  P i t c h  
No,  3 0  M e d i u m  P i t c h  
No. 3 0  M e d i u m  P i t c h  
V a r c u m  8 2 5 1  R e s i n  
B a k e l i t e  BRP-5095 Resin  
NQ. 30  M e d i u m  P i t c h  
After having reviewed the proposed mater ial  sys tems,  the NASA 
Projec t  Manager requested a de-emphasis s f  the use of A S 0  natural  graph-  
ite, emphasis on the use of ground glassy carbon, and inclusion of graphite 
fiber a s  a fi l ler.  Approval was given for the f i r s t  five mater ia l  sys tems 
listed in Table I. The Contractor proposed that 20 par t s  Thermax be used 
for  a l l  the filler sys tems incorporating Ther max, since the possibility exists 
that the Lewis and Goldman method could not be applied to the approved 
particulate solid raw mater ials .  A number of previously cited works indi- 
cate that a 20-percent addition of Thermax should reduce the anisotropy, 
improve the strength, and increase the hardness  of a graphite mater ia l  
without irnpai+ing oxidation resis tance.  The NASA Pro jec t  Manager agreed 
to the use of 20 pa r t s  of Thermax for the f i l ler ,  but requested that the 
Lewis and Goldman method be used a s  a means of mater ial  characterization. 
The Sharples Micromerograph normally is  used to determine the 
particle s ize  distributions required for  the calculation of optimum part ic le  
packing. Approximately one-half of the sample was recovered when a 
micromerograph analysis of a fi l ler mater ia l  was conducted. This sample 
recovery is  considered typical for the micromerograph apparatus,  The 
precision of the sample s tat is  t ics for par t ic le  s ize distributions derived 
f r o m  the micromerograph data, therefore,  may be questionable. In order  
to obtain a more accurate  measurement  of the particle s ize distributions of 
the four particulate raw mater ials ,  a MSA Sedimentation Par t ic le  Size 
Analysis was recommended ra ther  than the micromerograph analysis.  The 
t e r m  MSA i s  the t rademark  of the Mine Safety Appliance Company, which 
manufactures the apparatus used in the Sedimentation Par t ic le  Size Analysis, 
The original selection of the 12 mater ial  systems was revised to 
incorporate the requests  made by the NASA Projec t  Manager. Table PI 
presents  the 12 mater ia l  sys tems approved by the NASA Pro jec t  Manager. 
TABLE 11. - TWELVE: APPROVED MATERIAL SYSTEMS 
-- - -  - 
Material 
S y s t e m  P a r t i c u l a t e  S o l i d  Raw Material A d d i t i v e  B i n d e r  Raw Material 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  & 
T h e r m a x  ( 2 0  pbw) 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  & 
T h e r m a x  ( 2 0  pbw)  
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  p b w )  & 
T h e r m a x  ( 2 0  pbw) 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw) & 
T h e r m a x  ( 2 0  p b w )  
AS0 N a t u r a l  G r a p h i t e  ( 8 0  pbw) & 
T h e r m a x  ( 2 0  pbw)  
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  & 
T h e r m a x  ( 2 0  pbw) 
CMP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  & 
T h e r m a x  ( 2 0  pbw)  
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  p b w )  & 
T h e r m a x  ( 2 0  p b w )  
CMP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  & 
T h e r m a x  ( 2 0  pbw) 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  p b w )  & 
T h e r m a x  ( 2 0  pbw) 
G l a s s y  C a r b o n  ( 8 0  pbw) & T h e r m a x  
( 2 0  p b w )  
CHP Art i f ic ia l  G r a p h i t e  ( 8 0  pbw)  & 
WCA G r a p h i t e  Fibers ( 2 8  pbw)  
G l a s s y  C a r b o n  
( 2  pbw)  
G l a s s y  C a r b o n  
( 1 0  pbw) 
G l a s s y  C a r b o n  
( 1 0  pbw)  
B o r o n  C a r b i d e  
( 1  p b w )  
B o r o n  C a r b i d e  
(7.5 pbw) 
--- 
no. 3 0  M e d i u m  Pitch 
V a r c m  8 2 5 1  R e s i n  
B a k e l i t e  BRP-5095 
R e s i n  
R y t o n  P o l y p h e n y E e n e  
S u l f i d e  R e s i n  
No. 3Q M e d i u m  P i . t ch  
N o .  3 0  M e d i u m  Pitch 
No,  3 0  M e d i u m  Pitch 
V a r c u m  8 2 5 1  R e s i n  
No. 3 0  M e d i u m  P i t c h  
N o .  3 0  M e d i u m  Pitch 
V a r c u m  825% R e s i n  
V a r c u m  8 2 5 1  R e s i n  
- 
Note: P r o p o r t i o n s  are par ts  by w e i g h t  ( p b w )  
S E C T I O N  V I  
E X P E R I M E N T A L  D A T A  O N  A P P R O X I M A T E  ROLES O F  
MA T E R i A k S  A N D  V A R I A B L E S  
(CATEGORY 2 TASK I) 
A.  Characterization of Raw Materials 
This section presents the results of all characterization tests of the 
raw materials used in this program, The test procedures a r e  described in  
Appendix I. 
1. CHP Artificial Graphite 
Helium Density = 2.22 g/cc 
Surface Area = 6.7 m2 /g. 
Screen Analysis 
On 35 mesh = 0% 
On 65 mesh = 0% 
On 100 mesh = 0% 
On 150 mesh = 0.08% 
On 200 mesh = 3.30% 
On Pan = 96,62% 
Chemical Analysis 
% Ash = 0.066 
% Moisture = 0.039 
Emission Spectrographic 
Analysis 
(Semi-Quantikative) 
A1 = 7 ppm 
T i =  37ppm 
V = 23 ppm 
F e =  44ppm 
N i <  5ppm 
C r <  5ppm 
Si = 60 ppm 
Ca = 162 ppm 
Mg < 5 ppm 
Pb < 5 ppm 
Sn < 5 ppm 
Ag < 5 PPm 
B = 6 ppm 
Na < 5 ppm 
Cu < 5 ppm 
Surface Area = 3.0 m2 /g 
Screen Analysis 
On 35 mesh = 0% 
On 6 5  mesh = 0% 
On BOO mesh= .04% 
On 150 mesh = 1.37% 
On 200 mesh = 11,29% 
On Pan = 87.30% 
% Ash = 0,096 
% Moisture = 0.007 
Emission Spectrographic 
Analysis 
(Semi-~uantitative) 
AP < 5 ppm 
Ti = 12 ppm 
V = 4 ppm 
Fe = 32 pprn 
Ni < 5 ppm 
Cr < 5 ppm 
Si = 12 ppm 
C a  < 5 ppm 
M9 < 5 PPm 
Pb = 6 ppm 
Sn < 5 ppm 
Ag < 5 PPm 
B = 9 ppm 
Na = 7 ppm 
Cu < 5 ppm 
3 ,  Thermax Carbon Black 
Helium Density = 1.84 g/cc 
Surface Area = 8.1 m2 / c j  
Screen Analysis* 
On 35 mesh = 3.97% 
On 65 mesh = 36.91% 
On 100 mesh = 15.74% 
On 150 mesh = 13.44% 
On 200 mesh = 10.84% 
On Pan = 19.10% 
Chemical Analysis 
% Ash = 0.022 
% Moisture = 0.027 
Emission Spectrographic 
Analysis 
(Semi-~uantitative) 
A1 < 5 pprn 
Ti < 5 ppm 
V < 5 pprn 
Fe < 5 pprn 
Ni < 5 pprn 
Cr < 5 pprn 
Si = 33 pprn 
Ca = 11 pprn 
Mg = 5 pprn 
Pb = 5 pprn 
Sn < 5 pprn 
A4 < 5 PPm 
B = 5 pprn 
Na = 23 pprn 
Cu < 5 pprn 
-3. -4- 
The p r e sence  of agg rega t e s  a p p e a r s  to have a significant  ef fect  
on the r e s u l t s  of the s c r e e n  ana lys i s .  
4 ,  Ground GEassv Carbon 
Helium Density = 1.91 g/cc* 
Surface Area = 5.6 m2/g 
Screen Analysis 
On 35 mesh = 0% 
On 65 mesh = 0% 
On 100 mesh = 0.41% 
On 150 mesh = 18.42% 
On 200 mesh = 21.98% 
On Pan = 59.19% 
Chemical Analysis 
% Ash = 0.92 
% Moisture = 0.85 
Emission Spectrographic 
Analysis (~ualitative) ** 
9 Major- 9 Minor- 9 Trace- 
* Sample drifted considerably and, therefore, the results are 
questionable. 
** No standards available to run semi-quantitative analysis. 
Surf ace Area = 1.3 m2 /g 
Chemical Analysis 
% Ash = 0.04 
% Moisture = 0.03 
Emission Spectrographic Analysis 
Semi-Quantitative 
A1 < 5 pprn 
Ti = 5 ppm 
V < 5 pprn 
Fe < 5 pprn 
Ni < 5 pprn 
C r  < 5 pprn 
Si = 7 pprn 
C a  < 5 pprn 
Mg < 5 PPm 
Pb < 5 pprn 
Sn < 5 pprn 
Ag < 5 PPm 
B < 5 pprn 
Na = 1 3  ppm 
eu  < 5 ppm 
.', 'P 
Sample drifted considerably; therefore,  resul ts  a r e  
questionable. 
6 ,  Barrett No, 30 Medium Coal T a r  P i t c h  
- - - 
Helium Density =: 1.33 g/cc Differential Thermal Analysis 
Coking Value 
Benzene Insoluble = 32.1% 
Endotherrn at 5 5 " C ,  
Endotherm at 440°C. 
Exothermic jump at 535°C. 
which is coincidental with 
Quinoline Insoluble = 13.1% 3% weight loss. 
Exothermic rise maximum at 
Softening Point = 100.3OC 645°C- 
Elemental Chemical Analysis Thermal Gravimetric Analysis 
Emission Spectraqraphic Analysis 
(Qualitative) 
+ Major- + Minor- + Trace- 
Essentially constant weight 
to 200°C" 
Gradual loss between 200°C 
and 260°C. 
-1% at 260°C. 
Increasing rate of loss 
between 260°C and 335°C 
Steady rate of loss from 
335°C to 460°C and 605°C 
to 800°C with a slightly 
lower rate of loss between 
460°C and 605"@, 
-10% at 370°C. 
Overall loss of 83% at cut 
off of 800°C 
Volume Change After Baking** 
1000°C Baked Volume = 0e87P 
Green Volume 
2800°C Graphitized 
Volume 
= 0.843 Green Volume 
No standards available to run semi-quantitative analysis. 
:w Measured far compacts containing 80 pbw CHP graphite, 20  pbw 
Thermax, and 6 0  pph No, 30 Med. P i t c h .  
Differential Thermal 
Analvsis 
Coking Value = 65.4% 
Elemental Chemical Analvsis 
C = 75.86% 
H =  6.13% 
0 = 16.80% 
N =  2.44% 
S = None 
Emission Spectro raphic Analysis 
(~ualitative) 3
+, Major- +Minor- +Trace- 
Small exotherm at 165°C 
which is just at the 
beginning of 5% weight 
loss. 
Very broad exothermic rise 
beginning ak 540°C. 
Thermal Gravimetric Analvsis 
Essentially constant 
weight to 160°C. 
Gradual loss between 160°C 
and 265°C. 
Plateau between 265°C and 
370°C at approximately 
5% loss. 
-10% at 445°C. 
Steady loss between 370°C 
and 540°C. 
Increasing rate of lcss 
to 600°C. 
Steady loss rate to cut 
off at 750°C. 
Overall loss of 88% at 
cut off of 750°C, 
Volume Change After Baking::* 
1000°C Baked Volume = 0.704 
Green Volume 
2800°C Graphitized 
Volume 
Green Volume = 0.649 
: No standards available to run semi-quantitative analysis, 
%: Measured for compacts containing 88 pbw CHP graphite, 2 8  pbw 
Thermax, and 58 pph Bakelite BRP 5095 resin, 
V a r c u m  8251 F u r f u r y 1  Alcohol  Resin 
--. - - -- 
C o k i n g  V a l u e  
V a r c u m  8 2 5 1  = 2 0 . 6 %  
V a r c u m  8 2 5 1  ( 9 6 % )  & ZZLA-0334 B a k e l i t e  H a r d e n e r  ( 4 % )  = 2 2 . 2 % '  
V a r c u m  8 2 5 1  ( 9 8 % )  & O x a l i c  A c i d  ( 2 % )  = 3 5 . 1 %  
V a r c u m  8 2 5 1  ( 9 6 % )  & Maleic A n h y d r i d e  ( 4 % )  = 3 7 . 9 %  
E l e m e n t a l  C h e m i c a l  A n a l y s i s  
C  = 6 6 . 0 9 %  
H =  5 . 8 7 %  
0 = % 8 . 0 0 % *  
N =  0 . 0 4 %  
S  = N o n e  
E m i s s i o n  S p e c t r o g r a p h i c  A n a l y s i s  
( Q u a l i t a t i v e )  ** 
+ Major- + Minor- C T r a c e -  
D i f f e r e n t i a l  T h e r m a l  A n a l y s i s  
Major e x o t h e r m  @ 4 9 0 ° C  p e a k  
t e m p e r a t u r e .  
I n i t i a l  " b r e a k  t e m p ' '  approx- 
i m a t e l y  4 1 0 ° C  t o  4 4 0 ° C .  
T h e r m a l  G r a v i m e t r i c  A n a l v s i s  
Weight loss  n e g l i b i b l e  t o  
75OC. 
-9% a t  9 0 ° C .  
S t e a d y  loss b e t w e e n  7 5 ° C  
and 2 0 0 ° C .  
-PO% a t  145OC. 
P l a t e a u  b e t w e e n  2 0 0 ° C  a n d  
3 7 5 ° C  ( -39% a t  2 5 0 ° C ) ,  
A c c e l e r a t i n g  ra te  of loss  
b e t w e e n  3 7 5 ° C  a n d  5 0 0 ° C .  
Weight loss  complete ( 1 0 0 % )  
a t  7 1 5 ° C .  
V o l u m e  C h a n g e  A f t e r  B a k i n g * * *  
1 0 0 0 ° C  B a k e d  V o l u m e  = 0 . 9 4 4  
G r e e n  V o l u m e  
2 8 0 0 ° C  G r a p h i t i z e d  
Vo 1 ume - 0,869 
Green V o l u m e  
* Oxygen determined by difference, 
**  No standards available to r u n  semi-quantitative analysis, 
***Measured f o r  compacts con ta in ing  86 pbw CHP, 20 pbw Thermax, 
and 5 4  pph Varcm 8251 resin containing 2% by weight 
OxaEie A c i d .  
Helium Density = 1.39 g/cc 
Coking Value = 58,5% 
Elemental  Chemical Analvs i s  
Emission Spec t rographic  Analys i s  
( ~ u a l i t a t i v e )  :k 
+ Major- + Minor- + Trace- 
D i f f e r e n t i a l  Thermal Ana lys i s  
Endotherm a t  305°C. 
Exothermic rise a t  505'C 
c o i n c i d e n t  w i th  beg inn ing  
o f  weight l o s s .  
Exothermic rise a t  615°C. 
Thermal Gravimetr ic  Analvs i s  
-1% a t  295°C. 
Los t  on ly  1 .2% weight  a t  
400°C. 
Rapid l o s s  from 585°C t o  
580°C (28% l o s s ) .  
-10% a t  ' 5 2 5 0 ~ .  
P l a t e a u  a t  580" t o  615°C 
(-33% a t  600°C). 
Rapid l o s s  i n  weight  
between 615" and 750°C. 
O v e r a l l  l o s s  of  90% a t  c u t  
o f f  of  750°C. 
Volume Chanae A£ t e r  Bakina *:# 
1000°C Baked Volume = 1.005 
Green Volume 
2800°C Graph i t i zed  
Volume = 0.927 
Green Volume 
* No s t anda rds  a v a i l a b l e  t o  run semi -quan t i t a t i ve  a n a l y s i s .  
'k'k Measured f o r  compacts c o n t a i n i n g  80 pbw CHP,  20  pbw Thermax, 
and 4 8  pph Ryton polyphenylene s u l f i d e  r e s i n ,  
B. Particle Pacli ing Theory (Lewis a t ~ c l  G o l d m a n  M e t h o d )  
(87) 
Ee:vle and Gold:xai of t h e  L o s  l i j a i - ~ ~ " ~  S ~ i c i ~ l i f I c  Laboratory h a v e  
prepared a detailed repor t  covering theoretical small -particle s ta t is  t ics.  
The r epor t  discusses  the measurement  of particle s ize distributions based 
on the use of techniques such a s  microscopic count, sc reen  analysis ,  micro-  
merograph analysis,  and Coulter counter. Included in the r epor t  is  a dis - 
cussion of the methods used to compare the different types of particle s ize 
data measured by the various techniques. F o r  example, the particle s ize data 
generated by a screen  analysis a r e  measured on a weight bas is  and must  be 
converted to a frequency basis  for comparison with that measured b y  a micro-  
scopic count. A portion of the r epor t  pertains to the development of a general 
mixture theory. The mixture theory descr ibes  the method for producing mixes 
of increased packing density by properly proportioning two or more particulate 
mater ia l s  for which the particle s ize distributions have been measured. 
The particle s ize distributions of the four approved particulate raw mate - 
r i a l s  were  measured by using the MSA Sedimentation Pa r t i c l e  Size Analysis. 
Table 111 displays the particle s ize distributions measured for CHP ar t i f ic ial  
graphite, AS0 natural graphite, Ther max carbon black, and ground glassy 
carbon. Like the micromerograph analysis,  the MSA method is  based on the 
use of Stokes Law. However, the MSA method uses a number of different cen-  
trifuges running a t  different speeds to sett le the mater ial  which i s  suspended 
in a liquid. Since the MSA technique yields nearly 100 percent  recovery of the 
sample,  sample s tat is t ics  derived f r o m  the data should be more  meaningful 
than those derived f rom micromerograph data f rom which a sample recovery 
of approximately 50 percent i s  considered typical. Table IV presents  the 
sample s tat is t ics  calculated f rom the MSA resul t s  displayed in Table 111. An 
explanation of the sample s tat is t ics  is  presented in Appendix 11. 


Limitations placed on the s ize distribrltions of the components and 
resul tant  mixture to which the mixture theory is  most  applicable require  that 
the following equation be satisfied: 
i s  the value of the smal le r  variance. where u 
~ ( 2 )  
If the equation is  not satisfied, the mixture tends to be bimodal, and the su i t -  
ability of this method becomes questionable. An attempt was made to use  the 
Lewis and Goldman general mixture theory to determine the optimum p r o -  
portion of Thermax in three binary mixtures which contain CHP graphite, 
AS0  graphite,  and ground glassy carbon a s  the second fi l ler component, 
respectively.  F o r  each of the three binary mixes,  incorporation of the MSA 
sample s tat is t ics  in the above equation produced an absolute value of the 
difference between the means that was grea ter  than 2 - 112 t imes the value 
of the sma l l e r  variance. F o r  this reason,  the Lewis and Goldman method 
was not used to compute the proportions for these three binary mixtures .  
C .  Estimation of Optimum Binder Levels 
The optimum binder levels for the fi l ler mater ia l s  listed in Table II 
were  estimated by using the "s tear ic  acid" technique discussed in the 
(88) Los Alamos Scientific Laboratory Report  No.  3, L A  -382 1 - and a r e  displayed 
in Table V. This technique consis ts  of blending s t ea r i c  acid with the desired 
fi l ler mater ia l s  and molding the blend a t  a temperature above the melting 
point of the s tear ic  acid. The die used has  a loose-fitting plunger which allows 
the excess  s tear ic  acid to be forced out. While under p res su re ,  the die i s  
cooled to a temperature a t  which the s tear ic  acid solidifies. The ejected com-  
pact  i s  then weighed, heated in an ine r t  a tmosphere to evaporate the s t ea r i c  
acid, and reweighed. Knowing the weight lo s s  and the density of the s t ea r i c  
acid allows one to calculate the volume of the compact occupied by the s t ea r i c  
acid. Multiplying the occupied volume by the density of the binder mater ia l  
to be used produces the weight of binder r e q u i r e d  per unit weight of f i l ler ,  
CHP A r t i f i c i a l  Graphj j t e  ( 8 0  pbwb & Thermzx ( 2 0  pb!~k 
--- --- -  
Binder  Es t imated  Optimum B i n d e r  Level  (pph) 
No. 30 Medium P i t c h  30 
Varcum 8251 Resin 27 
B a k e l i t e  BRP5095 Res in  29 
Ryton PslyphenyEene S u l f i d e  Resin 32 
A S 0  N a t u r a l  Graph i t e  (80 p b w j  & Thermax ( 2 0  p b w )  
Binder  
No. 30 Medium P i t c h  27 
Varcum 8251 Resin  2 4  
B a k e l i t e  BE5095 Resin  26 
Ryton Polyphenylene S u l f i d e  Resin 2 8  
CHP Artificial Graph i t e  ( 8 0  p b w )  & WGA Graph i t e  F i b e r s  ( 2 0  pbw)  
Binder  
No. 30 Medium P i t c h  47 
Varcum 8251 Resin 4 2 
B a k e l i t e  BE5095 Resin  45 
Ryton Polyphenylene S u l f i d e  Resin 49 
Ground Glassy Carbon (80 p b w )  & Thermax ( 2 0  p b w )  
B inder  
No. 30 Medium Pitch 54 
Varcwn 8251 Resin  49 
B a k e l i t e  BRP5095 Resin  52 
Ryton Polyphenylene S u l f i d e  Resin  5 7  
Note: pbw - P a r t s  by weight  
pph - P a r t s  (wt ,) binder  pe r  hundred parts (wt, k f i l l e r  
In o r d e r  to p e r m i t  a  d i r e c t  c o m p a r i s o n  wi th  the m a t e r i a l  s y s t e m s  con ta in ing  
no  a d d i t i v e s ,  i t  w a s  dec ided  t h a t  n o  a d j u s t m e n t s  of b i n d e r  l e v e l s  would b e  m a d e  
f o r  the m-a ter ia l s  con ta in ing  add i t i ves .  -Al l  a d d i t i v e s  w e r e  t o  b e  used  in  r e l a -  
t ive ly  low c o n c e n t r a t i o n s .  T h u s ,  the  a d d i t i v e s  w e r e  ignored  in  the e s t i m a t i o n  
of the o p t i m u m  b i n d e r  l e v e l s .  
C o m p a c t s  of m a t e r i a l  s y s t e m s  Nos .  1, 2, 3 ,  and  5 ( T a b l e  I 1 ) w e r e  p r e -  
p a r e d  b y  us ing  the  e s t i m a t e d  b i n d e r  l e v e l s .  A l l  m a t e r i a l s  ( e x c e p t  No. 2, 
wh ich  conta ined  V a r c u m  8251 r e s i n )  w e r e  p r o c e s s e d  th rough  the  1000°C  b a k e  
a c c o r d i n g  to  t he  p r o c e d u r e s  l i s t e d  i n  Sec t ion  V-D of t h i s  r e p o r t  ( M a t e r i a l  
P r o c e s s i n g ) .  I t  w a s  o r i g i n a l l y  p lanned  to  u s e  m a l e i c  a n h y d r i d e  to  p o l y m -  
e r i z e  the  V a r c u m  8251 r e s i n .  H o w e v e r ,  m a l e i c  a n h y d r i d e  c a n  b e  a s t r o n g  
body i r r i t a n t ,  and  the  m a l e i c  a n h y d r i d e  v a p o r s  which  c o m e  in  c o n t a c t  w i th  
the e y e s  c a n  c a u s e  photophobia  and  double  v is ion .  A s u r v e y  of l e s s  tox ic  
p o l y m e r i z a t i o n  c a t a l y s t s  w a s  conducted  and  oxa l i c  a c i d  w a s  found t o  b e  a good 
m a t e r i a l  f o r  p o l y m e r i z i n g  V a r c u m  825 1 r e s i n .  T h e  f u r f u r y l  a l coho l  bonded 
m a t e r i a l  p r e s e n t l y  b e i n g  d i s c u s s e d  w a s  p r o d u c e d  b y  adding  f o u r  p e r c e n t  b y  
w e i g h t  of the  oxa l i c  a c i d  to  the  r e s i n .  L a t e r  e x p e r i m e n t a l  w o r k  showed t h a t  
up to two p e r c e n t  oxa l i c  a c i d  would c o m p l e t e l y  d i s s o l v e  in  the V a r c u m  825 1 
r e s i n .  T h e  f u r f u r y l  a l c o h o l  bonded m a t e r i a l  w a s  h e a t e d  a t  7 5 ° C  f o r  one  h o u r  
p r i o r  to mo ld ing  to  p a r t i a l l y  p o l y m e r i z e  the r e s i n .  T h i s  p r o c e d u r e  w a s  u s e d  
to i m p r o v e  the s t r e n g t h  of the g r e e n  plug. R o o m  t e m p e r a t u r e  mo lded  c o m p a c t s  
w e r e  p r e p a r e d  f o r  all f o u r  m a t e r i a l  s y s t e m s  b y  us ing  mold ing  p r e s s u r e s  t h a t  
w e r e  i n c r e a s e d  i n  5000 p s i  i n c r e m e n t s  b e t w e e n  10, 000 p s i  and  3 5 , 0 0 0  p s i .  
S o  t h a t  the e f f e c t i v e n e s s  of the  b i n d e r  m i g h t  b e  d e t e r m i n e d ,  a c u r s o r y  
inves t iga t ion  of the  1000" C baked  c o m p a c t s  mo lded  f o r  the  f o u r  m a t e r i a l  s y s t e m s  
w a s  conducted .  T h e  b u l k  d e n s i t i e s  of the  b a k e d  c o m p a c t s  w e r e  m e a s u r e d ,  a n d  
the molded  p l u g s  w e r e  c u t  open to  e x a m i n e  t h e i r  i n t e r n a l  s t r u c t u r e s .  T h e  p i e c e s  
con ta in ing  A S 0  n a t u r a l  g r a p h i t e  which  w e r e  molded  a t p r e s s u r e s  of 30,  000  p s i  
and  3 5 , 0 0 0  p s i  w e r e  found to  b e  l a m i n a t e d .  L a m i n a t i o n s  o c c u r  when  the i n t e ~ n a l  
s t r u c t u r e  of a  mo lded  c o m p a c t  i s  s o  t ightly packed  t h a t  the b i n d e r  v o l a t i l e s  c a n  - 
n o t  e s c a p e  d u r i n g  baking .  T h e  h i g h e s t  d e n s i t y  un lamina ted  c o m p a c t s  mo lded  
f r o m  e a c h  of the f o u r  m a t e r i a l s  w e r e  s e l e c t e d ,  and  t h e i r  f l e x u r a l  s t r e n g t h s  a n d  
h a r d n e s s  w e r e  m e a s u r e d .  T a b l e  VI p r e s e n t s  the resri1.t~ of the examina t ion .  
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A l l  four of the mater ials  were too weak  and too soft to be used a s  sea l  r ing 
mater ials .  However, the preliminary resul ts  did ref lect  the relative effec- 
tiveness of the three binders used. 
It was initially felt  that the use of the "s tear ic-acid" technique for  
estimating optimum binder levels would be a good approach for developing 
the carbon-graphite sea l  ring mater ials .  However, the binder levels  e s t i -  
mated by the "s tear ic-acid" technique were too low. The inadequacy may 
be due t o  the fact  that the lubricating propert ies ,  surface tension, and 
viscosity of the binders a r e  different f r o m  those of the s tear ic  acid. T r a -  
ditionally, optimum binder levels have been determined by systematically 
changing the binder level of the carbon-graphite material .  Recent work 
reported by ~ r o b e r ~ ( ~ h a s  confirmed the fact  that the physical propert ies  
of a carbon-graphite mater ia l  can be improved by increasing the binder 
level and slowing the baking schedule. I t  was decided to attempt to i m -  
prove the physical proper t ies listed in Table VI  by systematically increas  - 
ing the binder levels and varying the baking schedules. Warm molding a lso  
was to be investigated a s  a possible method for improving physicalpropert ies .  
D, Materials Subsystem Study 
A mater ial  subsystem study was conducted to optimize each of the 
12 approved mater ial  sys tems presented in Table 11. Forty-one sub- 
sys tems,  which were  variations of the approved nonaddi'tive mater ia l  
sys tems,  were initially produced to study the effects of increased binder 
level, slower baking schedule, and warm molding of the physical propert ies  
of the graphitized compacts. Material  sys tems containing additives were  
not included in the subsystems study, since they a r e  simply counterparts of 
the nonaddi'ti've. mater ia l  sys  tems. A numbering sys  tem containing the p r e -  
fix "SS" was used to identify the mater ial  subsystems.  
The compositions of the 41 subsystems a r e  displayed in Table VII. 
Subsystem SS-6 had two versions identified a s  A and B. The high binder 
level of SS-18 required that those compacts be molded a t  60°C ,  
--------- 
E r a t e r i a l  
Strhsys t r m  
- . -------..--- 
Molrllnq 1000DC 
'Temp. i l - k c  Raro 
-- - - - -. - .- - 
R . T .  l C " C / : l r ~  
sGC/I l r .  
7OO0T 
SS-L All phw Cl!r7-2O p!?w l'!iermax Po! t ;p i?eny len~  !:u!.fiie i Z  p;,h* 
SS- 2 
85-3 
56-4 80 pbw CIIP-20 pbw Therrnax No.  30 Iled. P i t c h  30 pph" 
68-5 
SS-6A 
SS-68 
R . T .  IO°C/Hr . 
S0C/Hr. 
125'C 
60°C 
88-7 80 pbw CHP-20 pbw Thermax No. 30 Med. P i t c h  
SS-8 
35 gph 
SS-9 
R.T. 10°C/Ilr .  
5"C/Hr. 
125°C 
88-10 RO pbw CHP-20 pbw Thermax No. 30 Pled. P i t c h  
SS-11 
40 EPh 
88-13 80 pbw CHP-20 pbw Thermax No. 30 Med. P i t c h  
88-14 
45 gph 
SS-15 
R.T. POuC/Hr . 
5"C!Hr. 
125°C 
88-16 80 pbw CHP-20 pbw Thermax No. 30 Med. P i t c h  
SS-17 
60 gph 
SS-18 
R.T. lO"C/ltr. 
S0C(Hr . 
60°C 
SS-19 80 pbw CHP-20 pbw Thermax B a k e l i t e  BRP-5095 
88-20 
29 gph* R.T. 1O0C/Hr. 
S0C!Hr . 
DODC 
SS-22 80 pbw CHP-20 pbw Thermax B a k e l i t e  ERP-5095 43 .5  pph* 
86-23 
SS-24 
R . T .  1O0C/Hr. 
5°C!Hr. 
80°C 
58-25 80 pbw CAP-20 pbw Thermax B a k e l i t e  BRP-5095 
58-26 5 8  gph 
98-28 80 pbw &SO-20 pbw Thermax No. 30 Med. P i t c h  27  pph" 
95-29 
R.T. S0C/Hr 
125OC 
$6-30 80 pbw ASO-20 pbw Thermax No. 30 Ned. P i t c h  40.5 pph 
65-31 
R.T. SDC(Hr . 
125°C 
88-32 80 pbw ASO-20 pbw Thermax No. 30 Med. P i t c h  54  pph 
58-33 
R.T. 5"CLHr. 
125°C 
88-34 80 pbw CHP-20 pbw Thermax P o l y p h e n y l e n e  S u l f i d e  4 8  pph 
58-35 6 4  P P ~  
R.T. S"C/HT.  
58-36 80 pbw CHP-20 pbw FICA B a k e l i t e  BRP-5095 4 5  pph* 
f i b e r s  ,t 
88-37 69.5 pph 
R.T.  no0c/l tr  . 
8.5-38 00 obw G l a s s v  Carbon-20 obw B a k e l i t e  BRP-5095 5 2  ooh* R.T. 10°C/Hr. . . 
~ k e r m a x  - 
SS-39 80 p b r  CHP-20 pbw Thermax Varcum 8251 - 2% 40.5 pph 
O x a l i c  A c i d  
SS-40 54 P P ~  
Note t  pbw - P a r t s  by w e i g h t  
pph - P a r t s  ( w e i g h t )  b i n d e r  p e r  hundred  p a r t s  ( w e i g h t )  f i l l e r  
* Determined  by " s t e a r i c  a c i d "  t e c h n i q u e  
--- --- - 
I t  w a s  i m p o s s i b l e  to  s u c c e s s f u l l y  e j e c t  the  p lugs  f r o m  the  d i e  when they  w e r e  
molded  a t  h i g h e r  t e m p e r a t u r e s .  T h e  SS-6B v e r s i o n  w a s  des igned  to b e  c o m -  
p a r a b l e  wi th  SS 18. E x c e p t  f o r  SS- 18, the  s e l e c t i o n  of mo ld ing  t e m p e r a t u r e s  
w a s  b a s e d  on the  l i t e r a t u r e  s e a r c h  of m a t e r i a l  p r o c e s s i n g .  T h e  b i n d e r  l e v e l s  
of c o r r e s p o n d i n g  s u b s y s t e m s  u s u a l l y  w e r e  1. 0, 1. 5,  o r  2. 0  t i m e s  t h o s e  
d e t e r m i n e d  by  the  " s t e a r i c  ac id"  technique .  Molding  p r e s s u r e s  w e r e  i n c r e a s e d  
in 5000 p s i  i n c r e m e n t s  b e t w e e n  the l i m i t s  p r e s e n t e d  in  T a b l e  VII. A l l  of t he  
s u b s y s t e m  c o m p a c t s  w e r e  baked  to a f i n a l  t e m p e r a t u r e  of 2800°C a f t e r  t hey  
h a d  b e e n  baked  f r o m  r o o m  t e m p e r a t u r e  t o  1000°C a c c o r d i n g  to t h e  b a k i n g   ate 
p r e s e n t e d  f o r  e a c h  s u b s y s t e m  in T a b l e  VII. 
B a k e l i t e  B R P - 5 0 9 5  r e s i n  bonded s u b s y s t e m s  SS-36, 37,  and  3 8  a r e  
v a r i a t i o n s  of a p p r o v e d  m a t e r i a l  s y s t e n l s  Nos .  11 and  12, a l though the  two 
m a t e r i a l  s y s t e m s  as l i s t e d  i n  Tab le  I1 show V a r c u m  8251 r e s i n  a s  t h e  b i n d e r .  
T h i s  c h a n g e  w a s  p r o p o s e d  b e c a u s e  the  R R P  .5095 r e s i n  c o n s i s t e n t l y  p r o d u c e d  
the s t r o n g e s t  c o m p a c t s  d u r i n g  the  i n i t i a l  s e g m e n t  of the  s c r e e n i n g  s t u d i e s .  
The c h a r a c t e r i z a t i o n  d a t a  (Sec t ion  VI A,  7 -8)  a l s o  show t h a t  the cok ing  va lue  
of the  B a k e l i t e  B R P - 5 0 9 5  r e s i n  i s  f a r  s u p e r i o r  to t h a t  of t he  V a r c u m  8251 
r e s i n .  T h e  NASA P r o j e c t  M a n a g e r  gave  h i s  a p p r o v a l  of the  b i n d e r  s u b s t i t u -  
t ion. M a t e r i a l  s y s t e m  No. 8 ( T a b l e  11) w a s  a l s o  a p p r o v e d  f o r  the b i n d e r  
subs t i t u t ion .  
A f t e r  the  s a m p l e s  w e r e  baked  t o  2800°C ,  the  h i g h e s t  d e n s i t y  u n l a m i -  
n a t e d  p lug  w a s  s e l e c t e d  f r o m  e a c h  of the  4 1  m a t e r i a l  s u b s y s t e m s ,  a n d  s o m e  
of its p h y s i c a l  p r o p e r t i e s  w e r e  m e a s u r e d .  Tab le  VIII s h o w s  the g r e e n ,  
1000°C  b a k e d ,  and  "g raph i t i zed"  b u l k  d e n s i t i e s ;  t he  Rockwe l l  h a r d n e s s ;  and  
the f l e x u r a l  s t r e n g t h s  of t he  s e l e c t e d  c o m p a c t s .  T h e  t a b l e  a l s o  p r e s e n t s  the  
h i g h e s t  mo ld ing  p y e s s u r e  f o r  e a c h  m a t e r i a l  s u b s y s t e m  f r o m  which  u n l a m i -  
n a t e d  p lugs  w e r e  obta ined .  
TABLE VIIE, -- FjlRTERIAL SUSSYSTEM PItOPERrrU EVALUATION 
O p t  i m t i r n  
Moldi.ng Grei-n 7000°C 2 8 0 0 ° C .  Rockvre 1 I F l e x u r a l  
M a t e r i a l  P r e s s u r e  D e l r n i t y  : i r n s i ! r y  i . 1 e n s i . k ~  l i a r d r ~ e s  c; S t r e n g t h  
S u b s y s t e m  ( p s i )  I 9~-/-,. , ( g / c c )  (<j/'c.::) r2 
' r i?.. ( p s i !  (r!/cm2 
3 5 , 0 0 0  1 . 6 3 5  5 . 2 9 3  i .  ?97  Too s o f t  
3 0 , 0 0 0  1 . 6 2 4  1 . 4 0 2  1 . 4 7 6  37 - 5 7  
P i e c e s  a 1 1  h a d  d e e p  s u r f a c e  c r a c k s  
3 5 , 0 0 0  1 . 7 7 0  1 . 4 2 9  1 . 4 5 1  Too s o f t  
3 5 , 0 0 0  1 . 7 7 3  1 . 5 0 7  1 . 5 3 6  11 - 9  
3 0 , 0 0 0  1 .784  1 . 6 4 5  1 . 6 6 6  61. - 6 0  
2 5 , 0 0 0  1 . 7 5 3  1 . 5 0 4  1 . 5 2 5  Too s o f t  
2 5 , 0 0 0  1 . 7 3 5  1 . 4 0 6  1 . 4 2 8  Too s o f t  
3 0 , 0 0 0  1 , 7 4 0  1 . 4 8 6  1 . 5 1 0  23  - 2 5  
2 5 , 0 0 0  1 . 7 5 2  1 . 6 3 8  1 . 6 8 8  84 - 8 1  
3 5 , 0 0 0  1 . 7 2 2  1 . 4 8 4  1 . 5 1 3  39 - 3 7  
3 5 , 0 0 0  1 . 7 1 0  1 . 5 6 1  1 . 6 1 3  6 4  - 6 1  
P i e c e s  w e r e  a l l  l a m i n a t e d  
1 5 , 0 0 0  1 . 6 4 2  1 . 6 1 8  1 . 6 4 9  8 5  - 8 7  
1 0 , 0 0 0  1 . 6 1 6  1 . 6 3 4  1 . 6 6 5  90  - 9 2  
P i e c e s  w e r e  a l l  l a m i n a t e d  
6 1  - 60  2 , 4 6 0  
64 - 67 2 , 6 5 0  
( F o r  S S -  
3 0 , 0 0 0  1 . 5 7 4  1 . 5 9 0  1 . 6 8 5  89 - 9 0  
2 0 , 0 0 0  1 . 5 5 6  1 .619  1 . 7 2 2  9 6 - 9 3  
P i e c e s  w e r e  b a d l y  d e f o r m e d  
1 5 , 0 0 0  1 . 4 6 1  1 . 5 8 4  1 . 7 0 6  94 - 9 2  
P i e c e s  w e r e  d e f o r m e d  
P i e c e s  w e r e  b a d l y  d e f o r m e d  
P i e c e s  w e r e  a l l  l a m i n a t e d  
P i e c e s  w e r e  a l l  l a m i n a t e d  
SS-32 
SS- 3 3  
P i e c e s  were a l l  l a m i n a t e d  
P i e c e s  w e r e  a l l  l a m i n a t e d  
J5,OOO 1 . 6 1 4  1 . 3 2 7  1 . 4 2 0  3 1  - 35  
P i e c e s  w e r e  a l l  l a m i n a t e d  
3 0 , 0 0 0  1 . 5 2 3  1 . 3 5 2  1 . 3 9 1  5 7  - 6 1  
1 5 , 0 0 0  1 . 4 1 3  1 .350  1 , 4 3 2  7 0 - 7 2  
P i e c e s  a11 c r u m b l e d  a f t e r  g r a p h i t i z a t i o n  
- -- 
* P l u g s  s l i g h t l y  d e f o r m e d  a f t e r  b a k i n g  t o  1000°C.  
" " P l u g s  b a d l y  d e f o r m e d  a n d  a  c o a t i n g  o f  p a c k i n g  c o k e  was  s t r o n g l y  
a d h e r i n g  to p l u q s  a f t e r  balcincj t o  l50O0C,  P l u g s  w e r e  g r o u n d  
p r i o r  to d e n s i t y  m e a s u r e m e n t s ,  
F 1 e x u r a l  s t r e n g r h s  measu red  on  a sample o f  .ZOO" x .ZOOw cross- 
s e c t i o n a l  a r e a  { r s l n y  a 0 , 9 5 0 "  span. 
R S c a l e  = 1 / 2 "  d l i amere r  b a l l  a n d  60 X g  n i a j .  l o a d .  
R: S c a l e  = 1/2' d i a m e t e r  b a l l  a n d  1 0 0  K g  m a j .  l o a d .  
Increasing binder level, using a slower baking schedule, and using a 
warm mo?dlng technique a l l  helped to increase  the strengths of the pitch- 
bonded compacts containing CHI> ar t i f ic ia l  graphite and Thermax (SS-4 to 
SS-18). Figure 3 i s  a plot of flexural strength versus  binder level for the 
unlaminated plugs with the highest baked density. The highest flexural 
strength (SS-12 and SS- 17) can be obtained by two pressing techniques, The 
SS-12 compact was w a r m  molded a t  125°C and 30, 000 psi. The SS-17 com-  
pact was molded a t  room tempera ture  but had a much higher binder level. 
The la t te r  sys t em was selected a s  a superior  sys tem because i t  i s  eas i e r  to 
process  and the high binder level should prevent binder deficiency in the mod- 
ification of the sys tem that contains the additive. 
Because of time limitations, the pitch-bonded compacts of the sub-  
systems SS-28 to SS-33 containing AS0 na tura l  graphite and Thermax were  
a l l  baked to 1000°C on the slower baking schedule. Those subsystems 
apparently represented the one approved mateifial sys tem for which the "s tear ic  
acid" technique did predict  the optimum binder level. Subsystem SS-28 was 
selected a s  an optimized mater ial  sys tem,  since the warm-molding employed 
to fo rm the SS-29 compact produced no significant increase in strength. 
Bakel i te  BRP-5095 re s in  appears  to be an excellent binder for carbon-  
graphite sea l  r ing mater ials .  The BRP-5095 re s in  bonded compacts sf SS-25 
and SS-37 had the highest flexural s t rengths measured during the subsystem 
study. The flexural strength of the SS-25 compact  was grea ter  than 1. 5 t imes  
that of the comparable SS- 17 compact which was bonded with coal ta r  pitch. 
The shrinkage of the SS-25 compact was significantly grea ter  than that of the 
SS-37 mater ial ,  Apparently, the presence of the f ibers  inhibited shrinkage of 
the binder phase. Bakelite BRP-5095 resin-bonded compacts had a tendency 
to deform while being baked to 1000°C, especially a t  the higher binder levels 
when baked a t  5°C per  hour,  The SS-25 and SS-37 versions were  selected a s  
optimized mater ia l  systems because of their high strength values. 
R. T.. MOLDiNG & BAKING @ iO0C/kIR TO 1000°C 
R - T -  MOLDING & BAKING @ S°C/HR 10 1000°C 
1250C MOLDING & BAKING @ S°C/HR TO 1000°C 
eAMl NATED 
BINDER LEVEL (pph) 
N - 2 3 8 6 4  
Figure 3 .  ef fec ts  of Variables on Flexural Strength, 
The S S - 3 8  compac t  w a s  also bonded with Bakeli te  BRP-5095 resin,  
but  g l a s sy  ca rbon  w a s  used instead of graphi te  a s  the main f i l l e r  component. 
The in te rna l  s t r u c t u r e  of the SS-38 compac t  was  much m o r e  porous  than the 
plugs of any of the other  subsys t ems ,  a condition which c a u s e s  i t s  low den-  
s i ty  and f lexural  s t reng th .  After the SS-38 compac ts  w e r e  baked a t  1000°C, 
they w e r e  badly deformed  and had a coating of packing coke s t rongly  adhe r  - 
ing to them.  The plugs had to be  ground before  densi ty  m e a s u r e m e n t s  
could be  made.  The SS-38 vers ion  was  se lec ted  a s  a n  optimized ma te r i a l ,  
s ince  it was  the only m a t e r i a l  of i t s  type produced dur ing  the subsys t em 
evaluation. 
The physical  p rope r t i e s  of the compac t s  p r e p a r e d  with Ryton poly-  
phenylene sulfide r e s i n  and Va rcum 825 1 fu r fu ry l  alcohol r e s i n  a s  the binder  
m a t e r i a l s  w e r e  v e r y  poor .  None of the va r ia t ions  investigated dur ing the 
subsys t em s tud ies  g rea t ly  enhanced the s t reng th  and h a r d n e s s  of compac t s  
p r epa red  with those  b inders .  The SS-39 and 33-40 V a r c u m  8251 r e s i n -  
bonded compac ts  w e r e  molded a t  r o o m  t empe ra tu r e  f r o m  mixes  which had 
been heated at 100°C fo r  16 h o u r s  p r i o r  to c rush ing  and milling. Ryton 
res in-bonded SS-34 and V a r c u m  825 1 res in-bonded SS-40 w e r e  se lec ted  as 
optimized m a t e r i a l  s y s  t ems .  
A numbering s y s t e m  containing the p re f ix  "MS" w a s  used to identify 
the optimized m a t e r i a l  s y s t e m s .  Table  IX l i s t s  the or ig inal  identif icat ions 
of the 12 optimized m a t e r i a l  s y s t e m s  and gives the p ropor t ions  of f i l l e r  and 
binder m a t e r i a l s ,  the molding t empe ra tu r e  and p r e s s u r e ,  and the r o o m  
t empe ra tu r e  - to-  1000°C baking schedule to be  used f o r  producing each  of 
the m a t e r i a l  s y s t e m s .  To de te rmine  to s o m e  ex ten t  the reproducibi l i ty  and 
spread  of the physical  p rope r t i e s ,  the decis ion was  made to produce and 
analyze  s e v e r a l  compac t s  of each  of the 12 optimized ma te r i a l  s y s t e m s .  
TABLE IX. - Q R I G I N U  IDENTIFICATION OF OPTIMIZED MATERIAL SYSTEMS 
O p t i m i z e d  S u b s y s t e m  
M a t e r r a l  D e r i v e d  M o l d i n g  X o l d i n g  1 0 0 0 ° C  
S y s t e m  F r o m  P a r t i c u l a t e  S o l i d  Raw M a t e r i a l s  B i n d e r  Raw M a t e r i a l  A d d i t i v e  Temp. P r e s s u r e  3ak.e ?.-te 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  p b w )  
& T h e n n a x  ( 2 0  pbw)  
No.  3 0  Med. P i t c h  ( 6 0  p p h )  --- 
- 
R . T .  1 0 , 0 0 0  S ?  
1 0 , 0 0 0  p s 1  
i 0 , 0 0 0  psi 
1 0 , 0 0 0  P S I  
1 0 , 0 0 0  p s *  
2 0 , 0 0 0  ?sr 
1 5 , G 0 0  ?sl 
1 5 , 0 0 0  p s ~  
1 5 , 0 0 0  p s r  
1 5 , 0 0 0  psl 
3 5 , 0 0 0  psi 
1 5 , 0 0 0  ? S i  
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
6 T h e r m a x  ( 2 0  pbw)  
No. 3 0  Med. P i t c h  ( 6 0  p p h )  B o r o n  C a r b i d e  
( 1  pbw)  
R.T. 
MS- 3  CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
h T h e r m a x  ( 2 0  pbw)  
No. 3 0  Med. P i t c h  ( 6 0  p p h )  B o r o n  C a r b i d e  
( 7 . 5  pbw)  
R.T. 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
& T h e r m a x  ( 2 0  pbw)  
No. 3 0  Med. P i t c h  ( 6 0  p p h )  G l a s s y  C a r b o n  
( 2  pbw)  
K. T. 
R.1. 
R.T. 
R.T.  
R.T. 
CHP Ar t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
h T h e n n a x  ( 2 0  pbw)  
No. 3 0  Med. P i t c h  ( 6 0  p p h )  G l a s s y  C a r b o n  
( 1 0  pbw)  
AS0 N a t u r a l  G r a p h i t e  ( 8 0  pbw)  
& T h e r m a x  ( 2 0  p b w )  
No. 3 0  Med. P i t c h  ( 2 7  p p h )  --- 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
E T h e r m a x  ( 2 0  pbw)  
B a k e l i t e  BRP-5095 ( 5 8  p p h )  --- 
CHP Ar t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
& T h e n n a x  ( 2 0  pbw)  
B a k e l i t e  BRP-5095 ( 5 8  p p h )  G l a s s y  C a r b o n  
( 1 0  pbw)  
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
& WCA G r a p h i t e  F i b e r s  ( 2 0  pbw)  
B a k e l i t e  BRP-5095 ( 6 7 . 5  p p h )  --- 
G l a s s y  C a r b o n  ( 8 0  pbw)  
& T h e r m a x  ( 2 0  pbw)  
B a k e l i t e B R P - 5 0 9 5  ( 5 2  p p h )  --- R.T. 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
& T h e r m a x  ( 2 0  pbw)  
P o l y p h e n y l e n e  S u l f i d e  ( 4 8  p p h )  --- 
CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  
& T h e r m a x  ( 2 0  pbw)  
V a r c u m  8 2 5 1  ( 5 4  p p h )  --- R.T. 
N o t e :  F i n a l  b a k i n g  t e m p e r a t u r e  is  2 8 0 0 ° C  f o r  a l l  m a t e r i a l s :  Room t e m p e r a t u r e  t o  9 0 0 ° C  @ 4 0 0 ° C / H r . ,  
9 0 0 ° C  t o  l 6 0 O 0 C  @ 2 0 0 ° C / H r . ,  1 6 0 0 ° C  t o  2 8 0 0 ° C  @ 3 0 O 0 C / H r . ,  h o l d  1 h o u r  @ 2 8 0 0 ° C .  
Severa l  s amp le s  w e r e  p r epa red  fo r  each of the m a t e r i a l  s y s t e m s  
MS-1 to MS-6. The molded p1~1.g~ w e r e  packed with coke in a sagger  and 
baked f r o m  r o o m  t empe ra tu r e  to 1000°C a t  5°C pe r  hour .  Apparently, oxygen 
got  into the pack dur ing baking, causing the MS-1 to MS-6 pitch-bonded c o m -  
pac t s  to d iscolor  and c r ack .  The l i t e r a t u r e  s e a r c h  on m a t e r i a l  p roce s s ing  
had revea led  that  charcoa l  o r  coke can be  used to p ro t ec t  ca rbons  f r o m  oxi-  
dation dur ing  baking. (s )  A second s e r i e s  of compac t s  w a s  molded. The plugs 
w e r e  tightly packed with coke in  a s agge r ,  and a l a y e r  of cha r coa l  was  placed 
at the top of the pack. The s a m e  f i r ing  schedule w a s  used.  Al l  bu t  two of the 
1000°C baked MS-1 to MS-6 s a m p l e s  w e r e  in sa t i s fac to ry  condition. Two of 
the f ive MS-5 compac ts  w e r e  l amina ted ,  but  that  p rob l em could b e  c o r r e c t e d  
by  molding at  a sl ightly lower  g r een  density.  
P lugs  fo r  m a t e r i a l  s y s t e m s  MS-7 and MS-8 w e r e  molded, packed with 
coke in a s agge r ,  and baked f r o m  r o o m  t empe ra tu r e  to  1000°C a t  10°C p e r  
hour .  Examinat ion of the baked compac ts  showed tha t  they had sagged dur ing  
, 
baking and tha t  thei r  in te rna l  s t r u c t u r e s  w e r e  disrupted,  apparent ly  due to a n  
outgass ing problem.  The MS-7 and MS-8 s amp le s  w e r e  no t  laminated,  bu t  
they w e r e  ex t r eme ly  porous  inside.  
The sagging p rob l em and the porous  in te rna l  s t r u c t u r e  of the MS-7 
and MS-8 compac ts  ve ry  l ikely  can  be a t t r ibuted to the f a c t  that  Bakel i te  
BRP-5095  is a two-s tage r e s in .  The sagging and outgass ing p rob l ems  p r o b -  
ably  occu r r ed  between the t ime  the the rmoplas t i c  novolac of the f i r  s t  s t age  
softened and the t ime  when the hexame  thylene - te  t r amine  harden ing  agen t  
r e ac t ed  with the novolac. The Different ia l  T h e r m a l  Analys is  of the Bakel i te  
BRP-5095  r e s i n  showed a s m a l l  exo the rm  a t  165°C which is probably  r e l a t ed  
to the hexamethylene - te t r amine  reac t ing  with the novolac.  Two poss ib le  
ways  to r e m e d y  the p rob l ems  would be to use  the f a s t e s t  poss ible  heat ing 
r a t e  through the port ion of the baking cycle  (R.  T. to 150°C) dur ing  which the 
r e s i n  i s  so f t  and /o r  to pa r t i a l ly  po lymer ize  the mix before  molding, C o m -  
pac t s  w e r e  p r epa red  for  the s i x  m a t e r i a l  subsys t ems  l i s t ed  in Table X in an  
a t t e m p t  to find a solution to the sagging and outgas sing p rob lems .  
TABLE X ,  - IDENTIFICATION O F  MATERIAL SUBSYSTEMS 
SS-41 TO SS-46 
Mate r i a l  
Subsystems Mix Molding Procedure 
SS-41 MS-7 Same procedure a s  before  (Table I X )  
SS-42 MS-7 Mix hea ted  2 hours a t  llO°C be fo re  
molding plugs 
SS-43 MS-7 Plugs molded and placed i n  llO°C 
oven f o r  2 hours 
SS-44 MS-7 Plugs molded and placed i n  150°C 
oven f o r  2 hours 
SS-45 MS- 8 Same procedure a s  before  (Table I X )  
SS-46 MS-8 Mix hea ted  2 hours a t  llO°C b e f o r e  
molding plugs 
A l l  t h e  plugs w e r e  room temperature  molded a t  a p res su re  
o f  15,000 p s i ,  
Baking Schedule 
Rush t o  150°C, 150°C t o  1000"Ca"c 10°C per  hour,  
ho ld  a t  1000°C f o r  4 hours .  
The physical propert ies  of the graphitized plugs of subsystems SS-41 
to SS-46 a r e  displayed in Table XI. None cf the compacts experienced any 
sagging or outgassing problems. The propert ies  for mater ial  subsystem 
SS -25 have been included in Table XI, since i t  was the mater ia l  initially a s  - 
signed the MS-7 designation. The physical propert ies  of mater ia l  subsystem 
SS-4 1, which was the same a s  SS-25 except for the fas t  baking schedule be  - 
tween room temperature and 150°C, were  consistent with those of SS-25. 
Data obtained for mater ial  subsystems SS-42, SS-43, and SS-44 indicate that 
par t ia l  polymerization of the MS-7 mix before molding, or curing of the plugs 
in a i r  before baking, degraded the physical propert ies  of the graphitized c o m -  
pacts. The resu l t s  obtained with subsystems SS 45 and SS-46 showed that 
the mater ia l  sys tem having the glassy carbon additive (10 pbw) requi res  r e -  
duc tions in molding p res su re  and/or par t ia l  polymerization of the mix before 
molding to avoid lamination of the finished compacts. Optimized mater ia l  
sys tem designations MS-7 and MS-8 were  r e  -assigned to subsystems SS-4 1 
and SS -46, respectively.  
Based on the resul ts  of the work with mater ial  subsystems SS-1 to 
SS-46, the optimization for the 12 approved mater ia l  sys tems was c o m -  
pleted. Table XI1 presents  the identification of the revised optimized 
mater ial  systems.  The table displays the composition of the mater ia l s ,  the 
molding procedure for the plugs, and the 1000°C baking schedule. Unless 
otherwise stated, the 1000°C bake ra te  i s  to be used between room t e m -  
pera ture  and 1000°C. The charcoal  packing procedure i s  used for a l l  
systems.  The same firing schedule between 1000°C and 2800°C is  used for 
a l l  12 mater ia l s .  
TAI3LE X I .  - PROPERTY EVALUATION O F  MATERIAL SUBSYSTEMS SS-41 TO SS-46 
R o c k w e l l  
Molding G r e e n  1 0 0 0 0 ~  28OO0C H a r d n e s s  Flexural 
Material P r e s s u r e  Density Densitv Density Strength 
Sua;.system 
P 
( p s i )  (g/cc) (g/cc) (g/cc) Rr Rs ( p s i )  { N / C ~ ~  ) 
"SS-25 1 5 , 0 0 0  1 . 4 6 1  1 . 5 8 4  1 . 7 0 6  94-92 73-74 4 2 9 0  2960  
" S S - 4 1  1 5 , 0 0 0  1 . 4 4 6  1 . 5 5 8  1 . 6 6 9  90-92 68-69 4120  2848 
"SS-42 1 5 , 0 0 0  1 . 4 4 5  1 . 5 0 1  1 . 6 2 3  76-80 51-52 2510 1730 
"SS-43 1 . 5 , O O O  1 . 4 5 2  1 . 5 2 2  1 . 6 5 0  83-84 58-62 3418 2350 
"SS-44 1 5 , 0 0 0  1 . 4 5 3  1 . 5 1 9  1 . 6 4 6  89-92 61-62 3 6 9 0  2490 
**SS-45 1 5 , 0 0 0  P i e c e s  w e r e  a l l  l a m i n a t e d  
""SS-46 1 5 , 0 0 0  1 . 4 0 2  1,456 1 . 5 7 8  48-79 45-48 2'950 1 8 9 0  
4 
QS 
Note : * C o n t a i n s  (MS-7) mix w h i c h  i s  composed  of CHP a r t i f i c i a l  graphi te  
(801 pbw) , Thermax  (20  pbw) , + B a k e l i t e  BEG-5095 r e s i n  ( 5 8  pph) . 
** C o n t a i n s  (MS-8) mix w h i c h  i s  composed  of CHP a r t i f i c i a l  g r a p h i t e  
(80 pbw) , T h e r m a x  ( 2 0  pbw) , Glassy C a r b o n  ( 1 0  pbw) , B a k e l i t e  
BW-5095 r e s i n  ( 5 8  p p h )  , 
F l e x u r a l  s t r e n g t h s  m e a s u r e d  on a s a m p l e  of .200"  x . 2 0 Q "  cross- 
sectional area using a 0 , 9 5 0 "  span, 
RE S c a l e  = 1/2" d i a m e t e r  b a l l  a n d  60  K g  m a j .  load. 
Rs S c a l e  = 1 / 2 "  d i a m e t e r  b a l l  and 1 0 0  K g  m a j  . load. 
TABLE XII. - REVISED DESCRIPTION OF OPTIMIZED MATERIAL SYSTEMS 
o p t i m i z e d  
M a t e r i a l  M o l d i n g  ~Xolding 1 0 0 0 ° C  
S y s t e m  P a r t i c u l a t e  S o l i d  Raw M a t e r i a l s  B i n d e r  Raw Material A d d i t i v e  Temp. P r e s s u r e  B d c e  R a t e  
K5-l CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw) No. 3 0  Med. P i t c h  ( 6 0  p p h )  --- R.'L. 1 0 , 0 0 0  p s i  5"C/Hr .  
1; T h e r m a x  ( 2 0  pbw) 
MS- 2 CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  No. 3 0  Med. P i t c h  ( 6 0  p p h )  B o r o n  C a r b i d e  R.T. 1 0 , 0 0 0  p s i  S O S / H r .  
& Thermax ( 2 0  pbw)  ( 1  pbw) 
F1S- 3 CLIP Artif icial  G r a p h i t e  ( 8 0  pbw) No. 3 0  Med. P i t c h  ( 6 0  p p h )  B o r o n  C a r b i d e  R.T. 1 0 , 0 0 0  p s i  S g C / B r .  
& T h e r m a x  ( 2 0  pbw) ( 7 . 5  pbw)  
NS- 4 CHP Art i f ic ia l  G r a p h i t e  ( 8 0  pbw) No. 3 0  Med. P i t c h  ( 6 0  p p h )  G l a s s y  C a r b o n  R.T. 1 0 , 0 0 0  p s i  5OC/Br. 
& T h e r m a x  ( 2 0  pbw)  !2 pbw)  
S - 5  CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw) No.  3 0  Med. P i t c h  ( 6 0  p p h )  G l a s s y  C a r b o n  R.T. 1 0 , 0 0 0  p s i  5"C/Hr .  
& T h e r m a x  ( 2 0  pbw) ( 1 0  pbw) 
M5-6 AS0  N a t u r a l  G r a p h i t e  ( 8 0  pbw) No. 3 0  Med. P i t c h  ( 2 9  p p h )  
h T h e r m a x  ( 2 0  pbw) 
.-- R.T. 2 0 , 0 0 0  p s i  S°C/Hr .  
MS- 7 CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw) B a k e l i t e  BRP-5095 ( 5 8  p p h )  --- R.T. 1 5 , 0 0 0  p s i  *1OQC/Hr.  
& T h e r m a x  ( 2 0  pbw) 
S- 8 CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw) B a k e l i t e  BRP-5095 ( 5 8  p p h )  G l a s s y  C a r b o n  R.T. 1 5 , 0 0 0  p s i  * l O ° C / H r .  
& T h e r m a x  ( 2 0  pbw) ( 1 0  pbw) 
KS-9 CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw)  B a k e l i t e  BRP-5095 ( 6 7 . 5  p p h )  --- R.T. 1 5 , 0 0 0  p s i  **lO°C/Hr.  
& WCA G r a p h i t e  F i b e r s  ( 2 0  pbw)  
1%-18 G l a s s y  C a r b o n  ( 8 0  pbw)  
& T h e r m a x  ( 2 0  pbw) 
B a k e l i t e  B R P - 5 0 9 5 ( 5 2  p p h )  .-- R.T. 1 5 , 0 0 0  p s i  * * l O ° C / a r .  
MS-11 CHP A r t i f i c i a l  G r a p h i t e  ( 8 0  pbw) P o l y p h e n y l e n e  S u l f i d e  ( 4 8  p p h )  --- R.T, 3 5 , 0 0 0  p s i  i ° C / H r .  
& T h e r m a x  ( 2 0  pbw) 
MS-12 CHP Ar t i f i c i a l  G r a p h i t e  ( 8 0  pbw) V a r c u m  8 2 5 1  ( 5 4  p p h )  
& T h e r m a x  ( 2 0  pbw) 
--- R.T. 1 5 , 0 0 0  p s i  hO°C/Hr. 
** S u g g e s t  t h a t  b a k e  b e  rushed t o  1 5 0 ° C ,  1 5 0 ° C  t o  1 0 0 0 ° C  a t  1 0 ° C / H r .  
F i n a l  b a k i n g  t e m p e r a t u r e  i s  2 8 0 0 ° C  f o r  a l l  m a t e r i a l s :  Room t e m p e r a t u r e  to  9 0 0 ° C  
@ 4 0 0 ° C / H r . ,  9 0 0 ° C  t o  1 6 0 0 ° C  @ 2 0 0 ° C / H r . ,  1 6 0 0 ° C  t o  2 8 0 0 ° C  @ 300°C/Hr . ,  hold 
I hour @ 2800°C.  
MS-8 mix p a r t i a l l y  p o l y m e r i z e d  a t  1 1 0 ° C  b e f o r e  m o l d i n g .  
Filzal S c ~ e e n i i ~ ~  S t u d i e s  
9 F-.- 
A . a:iia;ioti of Pbys  L e d i  op< i t ;cs 
-- -- --- - - - - 
T a b l e  XPII l i s t s  the  phys i ca l  p r o p c r  t i e s  of sevel-a1 conzpac- t s  
of e a c h  of the 1 2  op t imized  m a t e r i a l  s y s t e m s .  T h e  t ab l e  p r e s e n t s  the r a n g e  
and the  a v e r a g e  of the  p h y s i c a l  p r o p e r t i e s  d e t e r m i n e d  f o r  e a c h  m a t e r i a l  
s y s t e m .  The  bulk  d e n s i t i e s  w e r e  m e a s u r e d  on f ive  p lugs  f o r  e a c h  of the 
m a t e r i a l  s y s t e m s  MS-1  t o  MS-4  and  MS-6 to  MS-7 ,  and  on f o u r  p lugs  f o r  
e a c h  of the  m a t e r i a l  s y s t e m s  M S - 8  to MS-12. Only  t h r e e  p lugs  of M S - 5  
w e r e  ana lyzed ,  s i n c e  two of t h e  f ive  g r e e n  p lugs  o r ig ina l ly  molded  w e r e  
found to  h a v e  l a m i n a t e d  d u r i n g  bak ing  to 1000°C.  F o r  e a c h  s y s t e m ,  two 
w i t h - g r a i n  f l e x u r a l  s t r e n g t h  s a m p l e s  w e r e  p r e p a r e d  f r o m  the  h i g h e s t  d e n s i t y  
plug, two f r o m  the  l o w e s t  d e n s i t y  plug,  and two f r o m  the  plug which  had 
a d e n s i t y  c l o s e s t  to  the  a v e r a g e  dens i ty .  The  r a n g e  a n d  a v e r a g e  of t he  flex- 
u r a l  s t r e n g t h  p r e s e n t e d  f o r  e a c h  m a t e r i a l  s y s t e m  in  T a b l e  XI11 a r e ,  t h e r e -  
f o r e ,  b a s e d  on the  r e s u l t s  of s i x  t e s t s .  T h e  h a r d n e s s  m e a s u r e m e n t s  f o r  
e a c h  m a t e r i a l  s y s t e m  a r e  b a s e d  on t h r e e  r e a d i n g s  t aken  on the  p lug  which 
h a d  a d e n s i t y  c l o s e s t  to  t he  a v e r a g e  d e n s i t y  of the m a t e r i a l  s y s t e m .  
The s t r e n g t h s  and  h a r d n e s s e s  m e a s u r e d  f o r  the 12 o p t i m i z e d  
m a t e r i a l  s y s t e m s  a r e  c o n s i d e r a b l y  lower  than  t h o s e  of c o m m e r c i a l  s e a l r i n g  
G r a d e  CDJ. An  a v e r a g e  f l e x u r a l  s t r e n g t h  of 7680 p s i  h a s  b e e n  m e a s u r e d  
f o r  G r a d e  CDJ b y  load ing  0 . 2 0 0  i n c h  x 0 .200  inch  c r o s s  - s e c t i o n a l  d i m e n  - 
s i o n  s a m p l e s  on a  1. 875 inch  span .  T h e  f l e x u r a l  s t r e n g t h  m e a s u r e d  f o r  
G r a d e  CDJ would p r o b a b l y  h a v e  b e e n  h i g h e r  had  the  s a m p l e s  b e e n  b r o k e n  on 
the  0. 950 inch  s p a n  used  f o r  the  eva lua t ion  of the 12 op t imized  m a t e r i a l  
s y s t e m s .  Th i s  s m a l l e r  s p a n  had  to b e  used  b e c a u s e  of l i m i t a t i o n  i m p o s e d  
b y  the s i z e  of the  t e s t  c o m p a c t s ,  G r a d e  CDJ i s  a  v e r y  h a r d  m a t e r i a l  wi th  a 
Rockwe l l  "E" s c a l e  h a r d n e s s  of 105 to  112 ( the  R e  s c a l e  i nvo lves  the  u s e  of 
a 118 i nch  d i a m e t e r  b a l l  w i th  a 100 k i l o g r a m  m a j o r  l oad ) .  L o w e r  s t r e n g t h s  
and h a r d n e s s e s  than  t h o s e  of G r a d e  CDJ a r e  to b e  expec ted  f o r  the 1 2  op t i -  
m i z e d  m a t e r i a l  s y s t e m s ,  s i n c e  G r a d e  CDJ is n o t  baked  t o  g r a p h i t i z i n g  
t e m p e r a t u r e s ,  Baking t o  graphit izing temperatures  i n c r e a s e s  the oxida t ion  
resis tance o f  a caa-bon-graphite mater ial  a t  t h e  expense of s t r e n g t h  and  
hardness. 
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TABLE x ~ ~ ~ ( C o n t ' d . )  - PHYSICAL PROPERTIES MEASURED FOR TWELVE OPTIMIZED 
MATERIAL SYSTEMS 
CEP Graphite (80 pbw) 
CHP Graphite (80 pbw) Glassy Carbon (80 pbw) CHP Graphite (80 pbw) Thermax (20 pbw) 
WCA Fibers  (20 pbw) Thelmax (20 pbw) Thermax (20 pbw) Varcum 8251 ( 5 4  pph) 
Physica l  Property Bakel i te  BRP-5095 (67.5 pph) Bakel i te  BRP-5095 (52 pph) Polyphenylene Su l f ide  (48 pph) (2% 0xali.c ac id)  
Green Density (g/cc) 
Range 1.412 t o  1.415 
Ave cage 1.413 
1000°C Density (g/cc) 
Range 1.350 t o  1.391 
Average 1.366 
2800 oc Density (g/cc) 
CB 
r .\ Range - Average 1.438 
Flexura l  S t rength  
( i n  wits of p s i )  
Range 
Average 3,910 
Standard Deviation 181 
( i n  u n i t s  of I i / c d )  
Range 2,501 t o  2,830 
Average 2,690 
Standard Deviation 125 
Rockwell Hardness 
RR 
RS 
Thc f l ( \xura l  s t r eng th  sat- i- i l ) l rs uscd i n  i l ~ e  i i i ~ a i  s c r e e n i n e  s tud ies  
of the twe lve  opti i ' i l ized m a t e r i a l  s y s t e m s  \ n i c x - r i x  g r o u n d  c t i f f c r e n t l y  f r o m  t l ~ o s e  
used  In the s u h s y s t e n ~  a n a l y s e s .  When i i ~ c  6. Z O O  inclx x 0. L f i G  inch src,.;= ~ e c t i o r ,  
f lexural .  s a m p l e s  w e r e  p r e p a r e d  f o r  thc  s n b s y s t e m  s t u d i e s ,  the g r i n d i n g  whee l  
t r a v e r s e d  the  s a m p l e s  p e r p e n d i c u l a r  t o  t h e i r  l o n g e s t  d i m e n s i o n  to  f a c i l i t a t e  
m o r e  r a p i d  g r ind ing  of the  l a r g e  n u m b e r  of s a m p l e s .  The  0. 200 i n c h x  0. 200 inch  
c r o s s - s e c t i o n  f l e x u r a l  s a m p l e s  u s e d  in  the f i n a l  s c r e e n i n g  s t u d i e s  w e r e  ground  
p a r a l l e l  to t h e i r  l o n g e s t  d imens ion .  G r i n d i n g  p a r a l l e l  to the l eng th  d i m e n s i o n  
tends  to  g ive  f e w e r  n o t c h e s  on the  e d g e s  of the f l e x u r a l  s a m p l e ,  a  cond i t i on  
which ,  i n  t u r n ,  t e n d s  t o  p r o v i d e  m o r e  r e l i a b l e  d a t a  b y  r e d u c i n g  the p o s s i b i l i t y  
of p r e m a t u r e  f r a c t u r e .  In g e n e r a l ,  the c h a n g e  in  g r i n d i n g  t echn iques  p r o d u c e d  
s l i g h t  i n c r e a s e s  i n  the f l e x u r a l  s t r e n g t h s  m e a s u r e d  f o r  the op t imized  m a t e r i a l  
s y s t e m s  c o m p a r e d  wi th  those  m e a s u r e d  f o r  t he  c o r r e s p o n d i n g  s u b s y s t e m s .  
M a t e r i a l  s y s t e m  M S - 7  w a s  the one m a t e r i a l  which showed a s i g n i f i c ~ n t  d e -  
c r e a s e  in  f l e x u r a l  s t r e n g t h  a s  a r e s u l t  of the change  in g r i n d i n g  p r o c e d u r e .  
S y s t e m  M S - 7  had  a f l e x u r a l  s t r e n g t h  of 4120 p s i  (SS-41,  Tab le  XI) w h e n  g round  
p e r p e n d i c u l a r  to  the  length  d i m e n s i o n  c o m p a r e d  wi th  a  va lue  of 3450 p s i  when 
ground longi tudina l ly .  T h e  s u r f a c e s  of t he  longi tudina l ly  ground M S - 7  s a m p l e s  
a p p e a r e d  t o  h a v e  r i d g e s  in  t h e m  ( p e r p e n d i c u l a r  t o  l eng th  d i m e n s i o n )  w h i c h  
w e r e  p r o b a b l y  c a u s e d  b y  c h a t t e r i n g  of the g r i n d i n g  wheel .  R i d g e s  in  t h e  s u r -  
f a c e s  of f l e x u r a l  s a m p l e s  p r o d u c e  h igh  s t r e s s  c o n c e n t r a t i o n s  which  c a u s e  the 
s a m p l e s  to  b r e a k  a t  l o a d s  s m a l l e r  t han  t h o s e  r e q u i r e d  t o  f r a c t u r e  s a m p l e s  
hav ing  s m o o t h  s u r f a c e s .  
Ox ida t ion  T e s t i n g  
A s  a p a r t  of the f i n a l  s c r e e n i n g  s t u d i e s ,  oxidat ion t e s t s  w e r e  
conduc ted  a t  1300°F  wi th  the 12 o p t i m i z e d  m a t e r i a l  s y s t e m s .  S e a l  r i n g  
G r a d e  CDJ w a s  u s e d  a s  the s t a n d a r d  f o r  c o m p a r i s o n .  D u r i n g  t e s t i n g ,  t he  
s a m p l e s  w e r e  p l aced  in  one - inch  i. d.  q u a r t z  t u b e s ,  which  s u b s e q u e n t l y  w e r e  
s u p p o r t e d  in a s m a l l  e l e c t r i c a l l y  h e a t e d  f u r n a c e .  T h e  q u a r t z  t ubes  w e r e  
used  t o  k e e p  the  s a m p l e s  f r o m  con tac t ing  the m e t a l  s u p p o r t  (wh ich  m i g h t  
h a v e  a c t e d  a s  a n  oxida t ion  c a t a l y s t  f o r  the "g raph i t i zed"  m a t e r i a l s )  and  to  
al low t h e  removal of the  oxidat ion samples f r o m  the f u r n a c e  w i thou t  
damaging  them,  F ~ g u r e  4 i s  a s c h e m a  tic of the o x i d a t i o n  t e s t i n g  a p p a r a t u s ,  

T h e  f u r n a c e  h a s  a s p l i t  d o o r  which  w a s  p ropped  open  d u r i n g  oxidat ion t e s t i n g  
s o  t h a t  a 3 /8  inch  g a p  w a s  main ta ined  a c r o s s  the  e n t i r e  f a c e  of the f u r n a c e  
be tween  the uppe r  and  l o w e r  h a l v e s  of the d o o r .  T h e  q u a r t z  t ubes  con ta in ing  
the s a m p l e s  w e r e  s u p p o r t e d  s o  t h a t  the s a m p l e s  w e r e  i n  l i n e  wi th  the  g a p  
b e t w e e n  the  two s e c t i o n s  of t he  d o o r .  A i r  p a s s i n g  th rough  the g a p  i n  the  d o o r  
a l s o  f lowed a r o u n d  the  s a m p l e s ,  a s  shown in F i g u r e  4. A t  the beginning  of 
the  t e s t ,  the s a m p l e s  w e r e  weighed  and  p l aced  in to  the  q u a r t z  t ubes ,  a f t e r  
which  the  tubes  con ta in ing  the s a m p l e s  w e r e  we ighed  and p l aced  i n s i d e  the  
1 3 0 0 ° F  f u r n a c e  c h a m b e r .  Af t e r  112 h o u r  of e x p o s u r e  t o  the  oxid iz ing  c o n -  
d i t i ons ,  the q u a r t z  t u b e s  con ta in ing  the s a m p l e s  w e r e  r e m o v e d  f r o m  the  
f u r n a c e ,  cooled  t o  r o o m  t e m p e r a t u r e ,  weighed ,  a n d  p l aced  b a c k  i n s i d e  the 
f u r n a c e  f o r  a n o t h e r  112 h o u r .  T h i s  p r o c e d u r e  w a s  cont inued  unt i l  t h e  s a m p l e s  
h a d  b e e n  exposed  to  t he  oxid iz ing  cond i t i ons  f o r  a to t a l  of t h r e e  h o u r s .  Due  
to  s i z e  l i m i t a t i o n s  of t he  f u r n a c e ,  only f i v e  s a m p l e s  could  b e  oxid ized  at one 
t ime .  A p r e l i m i n a r y  t e s t  h a d  shown t h a t  the w e i g h t  of the  e m p t y  q u a r t z  
t u b e s  r e m a i n e d  c o n s t a n t  when  exposed  to  the 1 3 0 0 ° F  t e m p e r a t u r e .  
U n t r e a t e d  s a m p l e s  w e r e  u s e d  in  t he  f i r s t  s e r i e s  of 1 3 0 0 ° F  
oxidat ion t e s t s .  T a b l e  XIV l i s t s  the p e r c e n t  w e i g h t  l o s s e s  d e t e r m i n e d  f o r  
s a m p l e s  of the o p t i m i z e d  m a t e r i a l  s y s t e m s  and  f o r  s a m p l e s  of G r a d e  CDJ. 
T h e  r e s u l t s  p r e s e n t e d  i n  the t ab l e  a r e  b a s e d  on the  a v e r a g e s  f r o m  the  o x i -  
da t ion  t e s t i n g  of two s a m p l e s  f o r  e a c h  of the  12 m a t e r i a l  s y s t e m s  a n d  six 
s a m p l e s  of G r a d e  CDJ. E x c e p t  f o r  MS-10,  the  oxida t ion  r e s i s t a n c e s  of the  
o p t i m i z e d  m a t e r i a l  s y s t e m s  w e r e  be tween  6 ' a n d  1 7  t i m e s  b e t t e r  t han  t h a t  
of G r a d e  CDJ. T h e  r e s u l t s  p r e s e n t e d  in  T a b l e  XIV po in t  ou t  a n  i n t e r e s t i n g  
phenomenon  c o n c e r n i n g  the  u s e  of B4C a s  a n  oxida t ion  inh ib i t ing  add i t i ve .  
T h e  MS-2  and M S - 3  m i x e s  w e r e  p r e p a r e d  b y  add ing  1 pbw and  7 - 5  pbw, r e  - 
spec t ive ly ,  of B4C to  the  mi l l ed  m i x  of m a t e r i a l  s y s t e m  MS-1.  Apparen t ly ,  
the 1 pbw addi t ion  of B4C did n o t  p r o d u c e  enough of t he  p r o t e c t i v e  B,03 s u r -  
f a c e  coa t ing  t o  c o u n t e r a c t  the d e c r e a s e  in  ac t iva t ion  e n e r g y  c a u s e d  b y  the  
p r e s e n c e  of the add i t i ve  and ,  t h e r e f o r e ,  the  oxida t ion  l o s s e s  e x p e r i e n c e d  by 
the MS-2 s a m p l e s  w e r e  h i g h e r  than t h o s e  m e a s u r e d  f o r  the MS-1 s a m p l e s .  
T h e  MS-3 s a m p l e s  con ta ined  enough B4C to p r o d u c e  oxida t ion  l o s s e s  which  
w e r e  l o w e r  than  t h o s e  e x p e r i e n c e d  by  the MS-1  s a m p l e s ,  
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Samples  which had been impregnated with an  oxidation-inhibiting 
t r e a t  w e r e  used for  the second s e r i e s  of 1300°F  oxidation t e s t s .  Union Carb ide  
Corpora t ion ' s  No. 83 t r e a t m e n t  w a s  employed.  Table XV p r e s e n t s  the p e r c e n t  
weight  l o s s e s  de te rmined  f o r  t r ea ted  s amp le s  of the m a t e r i a l  s y s t e m s  and 
Grade  CDJ. The r e s u l t s  a r e  based on the oxidation t es t ing  of one t rea ted  
s a m p l e  fo r  each  of the m a t e r i a l  s y s t e m s  and th ree  t rea ted  s amp le s  of Grade  
CDJ. The l a s t  column of Table  XV displays  the d i f fe rences  in pe r cen t  weight  
l o s s  measured  a f t e r  112 hour  and t h r ee  h o u r s  of exposure  to the oxidizing con-  
di t ions.  Apparently, absorbed  mo i s tu r e  was  dr iven off dur ing  the f i r s t  112 
hour ,  producing higher  i nc r emen ta l  weight  l o s s e s  than those  exper ienced in 
the succeeding 112 hour  exposure  per iods .  A m o r e  r e a l i s t i c  p ic tu re  of the 
oxidation behavior of the m a t e r i a l s  is obtained by ignoring the f i r s t  112 hou r  
of test ing.  The p e r c e n t  weight  l o s s e s  measu red  fo r  the t r ea ted  s amp le s  w e r e  
appreciably  lower  than those  de te rmined  for  the cor responding  untreated 
s amp le s .  
The p e r c e n t  total  poros i ty  and No. 83 t r e a t  pickups fo r  the 
twelve optimized m a t e r i a l  s y s t e m s  a r e  shown in Table  XVI. Tne t r e a t  p ick-  
ups measu red  fo r  s amp le s  of MS-1 to MS-8 r e f l e c t  the absence  of l a r g e  
di f ferences  in the porosi ty  of these  compacts .  The MS-7 m a t e r i a l  which w a s  
p r e p a r e d  with the BRP-5095 r e s i n  binder  had the lowes t  porosi ty .  Both the 
poros i ty  and pickup data  indicate  tha t  the MS-10 to MS-12 compac ts  a r e  con-  
s ide rab ly  more  porous  than the MS-1 to MS-8 s amp le s .  The MS-10 compac ts  
a r e  ex t r eme ly  porous ,  a condition which would account  f o r  the m a t e r i a l ' s  
poor oxidation r e s i s t a n c e  compared  with that  of the o ther  e leven m a t e r i a l  
s y s t e m s .  The MS-9 s amp le  had a total  porosi ty  only sl ightly g r e a t e r  than 
that  of the MS-6 ma te r i a l .  In spi te  of this  compara t ive ly  s m a l l  d i f ference 
in porosi ty ,  the MS-9 s amp le  had a much h igher  t r e a t  pickup than the MS-6 
mate r ia l .  Apparently,  the s i z e  of the po re s  p r e s e n t  in the MS-9 ma te r i a l ,  
which contains 20 p e r c e n t  WCA f i b e r s ,  makes  them m o r e  acce s s ib l e  to the 
impregnan t  than those of the MS-6 compact .  
TABLE XV. - OXIDATION TEST DATA FOR NO. 83 TREATED MATERIALS 
Material Cumulative Percent Weight Loss A %  Weight 
System 1/2 Hr. 11 Hr. 1-112 Hr. 2 Hr. 2-1/2 Hr. 3 Hr. Loss 1/2-3 H r s ,  
Sasnple size = 3-12" w 1/2" x E/2" 
Oxidation temperature = 1300°F 
TABLE XVI. - PERCENT TOTAL POROSITY AND N O ,  83  
TREAT PICKUPS 
Material % Total Weight % 
System Porosity Treat P i c k u p  
Percent 
Total =. x 100 
Porosity 
SECTION V I I  
DISCUSSION O F  RESULTS A N D  MATERIAL FORMULATION 
(CATEGORY 3 - -  TASK 11) 
A.  Selection of Fou r  Ma te r i a l  Formula t ions  
A t  the conclusion of T a s k  I, the Con t r ac t  Work P l an  cal led fo r  the 
selection of four approaches  to the p rocess ing  and manufacture  of s e a l  r i ng  
carbon-graphi te  bodies. The se lect ion of the four ma te r i a l  formulat ions ,  
which include the requ i red  process ing  techniques, was  based on the r e  - 
su l t s  of the final sc reen ing  s tudies  and was a imed  a t  providing m a t e r i a l  
that  would m e e t  the 3000 hour  l ife and 1300°F  ambien t  a i r  t empe ra tu r e  
r equ i r emen t s .  Since the ca rbon-graphi te  bodies a r e  to be used a s  self a c t -  
ing s e a l  r ings ,  reduct ion in s t reng th  and h a r d n e s s  could be to lera ted to 
enhance oxidation r e s i s t ance .  Resu l t s  of the oxidation t e s t s  indicate the 
carbon-graphi te  ma te r i a l s  p r epa red  dur ing the sc reen ing  s tudies  w e r e  m o r e  
oxidat ion-res is tant  than c o m m e r c i a l  s e a l  r i ng  Grade CDJ. However,  s i nce  
potential s e a l  r i ng  ma te r i a l s  m u s t  be made a s  s t rong  and wea r  r e s i s t a n t  a s  
poss ible  the four formulat ions  that  would produce ma te r i a l s  with the b e s t  
combination of s t rength ,  h a r d n e s s ,  and oxidation r e s i s t ance  w e r e  se lec ted ,  
The final  sc reen ing  s tudies  resu l ted  in el iminating ma te r i a l  s y s t e m s  
MS-6, MS-10, MS-11, and MS-12 f r o m f u r t h e r  consideraeion. Sys t ems  
MS-2 and MS-3 w e r e  subsequently e l iminated because  of the de t r imen ta l  
effects  produced by the addition of B4C to the MS-1 mix,  Although the 1 pbw 
addition of B4C did not  affect  the physical  p roper t i es  of the MS-2 compac ts ,  
it caused oxidation l o s s e s  that  w e r e  g r e a t e r  than those  measured  for  the  
MS-1 s ample s .  The 7. 5 pbw addition of B4C in the MS-3 s ample  tended to 
i n c r e a s e  oxidation r e s i s t ance ,  but i t  degraded the s t rength.  Examinat ion of 
the in te rna l  s t r u c t u r e s  of the MS-3 compacts  showed that  they contained 
s e v e r a l  s m a l l  spher ical ly-shaped voids. Apparently, the voids w e r e  p r o  - 
duced by the dissolution of carbon in the B4C dur ing graphit ization,  a con-  
dition which subsequently produced hollow pockets when the ca rbon  
precipi ta ted and coalesced a s  highly c r y ~ t a l l i n e  graphite dur ing the coo l i r~g  
cycle ,  T h e  pre sence  of the Internal  v o i d s  v e r y  likely p r o d ~ c c d  the degradation 
of the physical  p roper t i es .  
The addition of g lassy  carbon to the pi.tch bonded MS-1 mix sl ightly 
improved the physical  p roper t i es  of the r e su l t an t  compacts .  Flexur  a1 
s t rengths  measu red  for the MS-4 (2  pbw g lassy  carbon)  and MS-5 (10 pbw 
glassy carbon)  compac ts  w e r e  approximately  600 p s i  g r ea t e r  than those m e a s -  
ured for the MS- 1 plugs. Fu r the r  tes t ing will  be requ i red  to de t e rmine  
whether the 600 p s i  i s  s ta t is t ica l ly  significant. Increas ing  the addition of 
g lassy carbon f r o m  2 pbw to 10 pbw did no t  produce a corresponding i n c r e a s e  
in the s t rength of the "graphitized" mate r ia l .  The ha rdnes s  of both m a t e r i a l  
s y s t e m  compac ts  containing glassy ca rbon  was  g r ea t e r  than that  of the  MS-1 
samples .  These  g l a s sy  carbon bear ing  bodies had the highest  h a r d n e s s e s  of 
the 12 mate r ia l s .  The addition of up to 10 pbw glassy ca rbon  did no t  signifi-  
cantly affect  oxidation behavior.  The MS- 1, MS-4, and MS-5 s ample s  all 
experienced s o m e  of the lower oxidation l o s s e s  measured  dur ing the f inal  
sc reen ing  s tudies .  A formulation interpolated f r o m  those of ma te r i a l  s y s  t e m s  
MS-4 and MS-5 w a s  se lec ted  a s  one of the four to be used for producing s e a l  
r ing  bodies. The new ma te r i a l  i s  the s a m e  a s  MS-1 except  for  a 5 pbw addi -  
tion of g lassy  carbon.  An addition of 5 pbw was  chosen s ince  this amount  
should be sufficient  to de te rmine  if the p r e sence  of g l a s sy  carbon i n c r e a s e s  
wea r  res i s tance .  The 5 pbw addition a l so  should be  low enough to avoid the  
lamination prob lems  encountered dur ing the production of the MS-5 compac ts .  
Ma te r i a l  s y s t e m  MS-1 was se lected a s  the second formulation to be manu-  
factured,  s ince  i t  was  one of the s t ronge r  ma te r i a l s  developed. Also,  s e a l  
r i ng  bodies of MS- 1 would be  needed a s  s tandards  to de te rmine  the e f fec t  
of the 5 pbw addition of g lassy  ca rbon  on per formance .  
Mate r ia l  s y s t e m s  MS-7 and MS-9 w e r e  se lected a s  the remain ing  two 
for mulations f r o m  which carbon-graphi te  s e a l  r i n g  bodies a r e  to be produced.  
Sys tem MS-7 w a s  chosen because  s amp le s  of the ma te r i a l  had shown exce l len t  
oxidation r e s i s t ance ,  and compacts  f r o m  i t s  corresponding subsys t ems  
(SS-25 and SS-41) had the highest  f l exura l  s t reng ths  measu red  dur ing  the s u b -  
s y s t e m s  studies.  The lower - than-expected f l exura l  s t reng ths  determined 
during the f inal  sc reen ing  s tudies  fo r  the MS-7 s ample s  we re  apparent ly  due 
to a sample  p repara t ion  problem,  Although the oxidation behavior of the MS-9 
compacts  was n o t q u i t e  so  good as fhat of t he  other se lected ma te r i a l  s y s t e m s ,  
flexural strength was comparable,  The addition of W C A  graphite f ibers  p ro -  
duced a mater ia l  having relatively high strength and low density; high s t rength-  
per-uni t  weight i s  a desirable charac ter i s t ic  of a sea l  ring material .  
The four mater ial  formulations l isted in Table XVII were  approved by 
the NASA Pro jec t  Manager. Impregnation of mater ia l  formulations No.  3 and 
4 with a Bakelite BRP-5095 re s in  and acetone solution pr ior  to baking to 2800" C 
was recommended a s  a route to increase  strength,  hardness ,  and wear  r e s i s t -  
ance. The impregnations would reduce porosity and fur ther  enhance oxidation 
resis tance.  The impregnation studies a r e  to be car r ied  out on a best-effor ts  
basis  and may be extended to formulations No. 1 and 2 if time and funding 
permit .  
The decision concerning the oxidation-inhibiting t reatments  to be 
employed in the four sea l  ring formulations will be made a t  a l a t e r  date. The 
1300°F oxidation tes t s  were  a l so  run on samples  treated with the Union Carbide 
No. 121 t reatment .  Table XVIII presents  the resu l t s  of oxidation t e s t s  con- 
ducted on No. 121 treated samples of the four types of mater ia l s  selected for 
the manufacturing of sea l  ring bodies. One sample of each mater ia l  was  
tested. The oxidation t e s t  procedure was the s a m e  a s  that used during the 
final screening studies.  
B. Process ing  of the Mater ial  Formulations 
Since this Topical Report  descr ibes  "bench -scaleM work, the compacts  
prepared for analysis  were of relatively sma l l  size.  Compacts of varying 
s i ze  were  prepared and analyzed during the different investigations cited in 
the l i te ra ture  sea rch  phase of Task I. L A S L  produced some of the l a r g e s t  
compacts,  with d iameters  varying between 2.50 inches and 4. 0 inches and 
thicknesses generally ranging f rom 1. 25 to 2. 50 inches. 
TABLE XVII. - IDENTIFICATION OF THE FOUR MATERIAL FORMULATIONS 
Formulation P a r t i c u l a t e  S o l i d  
A p p r o x i m a t e  ( 
B i n d e r  Raw N o m i n a l  G r e e n  F i n a l  adce 
No, Raw M a t e r i a l  A d d i t i v e  M a t e r i a l  D e n s i t y -  g/cc T e m p ,  'C 
--- 
1 CHP A r t i f i c i a l  G r a p h i t e  --- No.  3 0  M e d i u m  
( 8  0  p b w  1 - T h e m a x  P i t c h  ( 6 0  p p h )  
( 2 0  pbw)  
2 CBP Ar t i f ic ia l  G r a p h i t e  G l a s s y  C a r b o n  N o .  3 0  M e d i u m  1 . 6 0  2 8 0 0  
( 8 0  pbw 1 - T h e r m a x  ( 5  p b w )  P i t c h  ( 6 0  pph) 
( 2 0  pbw)  
3 CBP A r t i f i c i a l  G r a p h i t e  --- B a k e l i t e  BRP-5095 1 - 4 4  
( 8  0  p b w  1 - T h e r m a x  P h e n o l i c  R e s i n  
( 2 0  p b w l  ( 5 8  p p h )  
4 CHP A r t i f i c i a l  G r a p h i t e  --- B a k e l i t e  BRP-5095 1.41 2800  
( 8 0  p b w )  -WCA F i b e r s  P h e n o l i c  R e s i n  
( 2 0  p b w )  ( 6 7 . 5  pph) 
Note : P r o p o r t i o n s  are parts by w e i g h t  ( p b w )  
B i n d e r  proport ions are parts  ( b y  w e i g h t )  pe r  1 0 0  parts !by w e i g h t )  parti:-p late 
raw m a t e r i a l s ,  
' " A c t u a l  green d e n s i t y  t o  be established through test 5 -.~lng. 
-- - - - - -- 
- 
 
-- - 
- -
TABLE XVIII. - TREAT PICKUPS AND OXIDATION TEST DATA FOR NO. 121 TREATED PmTERIALS 
-- 
Weight % 
Material Treat Cumulative Percent Weight Loss After A% Weight 
System Pickup 1/2 Hr. 1 Hr. 1 -  Hr. 2 Hr. 2-1/2 Hr. 3 Hr. Loss 1/2 - 3 Hrs, 
P . .  
S m p k e  size = 1/2" x 1/2" x 1/2" 
Oxidation temperature = 1300°F 
The c o m p a c t s  p roduced  f o r  the s c r e e n i n g  s t u d i e s  r e p o r t e d  h e r e  w e r e  
2.  50 x 1. 25 x 1. 0 i n c h e s  a s  mo lded  ( g r e e n ) .  D u r i n g  T a s k  111, s i x  
7. 2 5  inch  o. d .  x 5 .  75 inch i. d .  x  0.  50 inch  th i ck  r i n g  b l a n k s  m u s t  b e  m a d e  
f o r  e a c h  of the  f o u r  m a t e r i a l  f o r m u l a t i o n s .  The  l a r g e  s i z e  of the r i n g  b l a n k s  
m a y  c a u s e  s o m e  p r o c e s s i n g  p r o b l e m s  t h a t  w e r e  n o t  e n c o u n t e r e d  d u r i n g  the  
p r e p a r a t i o n  of the  s m a l l e r  c o m p a c t s  f o r  the  s c r e e n i n g  s t u d i e s .  The  s a m e  
p r o c e s s i n g  t echn iques  used  t o  d e v e l o p  the f o u r  m a t e r i a l  f o r m u l a t i o n s  wi l l  b e  
app l i ed  to  the  m a n u f a c t u r e  of t he  l a r g e  b o d i e s ;  r e q u i r e d  p r o c e s s i n g  c h a n g e s  
w i l l  b e  m a d e  if p r o b l e m s  a r e  e n c o u n t e r e d .  
T h e  fol lowing p r o c e s s i n g  s t e p s  w i l l  b e  e m p l o y e d  in p r o d u c i n g  c o m -  
p a c t s  of the  four  m a t e r i a l  f o r m u l a t i o n s :  
F o r m u l a t i o n  No. 1  - C H P  A r t i f i c i a l  G r a ~ h i t e  (80  ~ b w )  - T h e r m a x  
(20  pbw)  - No. 30  M e d i u m  P i t c h  (60  pph) :  a )  B lend  f i l l e r  r a w  m a t e r i a l s  f o r  
one h o u r .  b )  P r e h e a t  f i l l e r  and  m i x e r  to  150" C ,  add  p i t ch ,  and  m i x  f i l l e r  
and  b i n d e r  i n  a  s i g m a  b l a d e  m i x e r  f o r  one h o u r .  c )  C r u s h  m a t e r i a l  by  u s i n g  
a h a m m e r  p u l v e r i z e r .  d )  M i c r o m i l l  m a t e r i a l ,  e )  B lend  m i l l e d  m a t e r i a l  
f o r  one  h o u r  in  a r i b b o n  b l e n d e r .  f )  Mold  the m i l l e d  m a t e r i a l  a t  r o o m  t e m -  
p e r a t u r e  by  us ing  a h y d r a u l i c  p r e s s ,  g)  P a c k  g r e e n  c o m p a c t s  wi th  c o k e  i n  
a s a g g e r ,  p l a c e  a l a y e r  of c h a r c o a l  on the top  of t he  pack ,  and  bake  g r e e n  
c o m p a c t s  b e t w e e n  r o o m  t e m p e r a t u r e  and  1000°C a t  5 " C / h r . ,  fo l lowed by  a 
4 - h o u r  hold a t  1000°C ,  h )  U s i n g  g r a p h i t e  p a r t i c l e s  a s  the  pack ing  m e d i u m ,  
f i r e  the  1000°C baked  c o m p a c t s  to  2800°C in  a n  induct ion  f u r n a c e ,  u s e  the 
fo l lowing  s c h e d u l e :  r o o m  t e m p e r a t u r e  to  9 0 0 ° C  at  4 0 0 ° C / h r . ,  9 0 0 ° C  t o  
1600°C a t  2 0 0 ° C / h r .  , 1600°C t o  2800°C  a t  3 0 0 ° C / h r . ,  and  hold  1 h o u r  a t  
2800°C.  
F o r m u l a t i o n  No. 2  - C H P  A r t i f i c i a l  G r a p h i t e  (80  pbw) - T h e r  m a x  
(20  pbw) G l a s s y  C a r b o n  ( 5  pbw) - No. 30 M e d i u m  P i t c h  ( 6 0  pbw):  a) Blend 
s m a l l  b a t c h e s  of f i l l e r  con ta in ing  C H P  a r t i f i c i a l  g r a p h i t e  (16  l b s ) ,  T h e r m a x  
(4  l b s ) ,  and g l a s s y  c a r b o n  ( 1  l b )  f o r  one  h o u r  in a s m a l l  b l e n d e r .  b) Blend  
all the s m a l l e r  f i l l e r  b a t c h e s  (S t ep  a )  f o r  one h o u r  in a l a r g e  b l e n d e r .  
c )  The  o t h e r  p r o c e s s i n g  s t e p s  a r e  the s a m e  a s  t h o s e  l i s t e d  f o r  F o r m u l a t i o n  
N o .  I ,  s t a r t i n g  a t  S t e p  b 
F o r m u l a t i o n  N o .  3 - CHP A r t i f i c i a l  G r a p h i t e  (80 pbw)  - Thermax 
(20 p b w ) - B a k e l i t K B R P - 5 0 9 5  R e s i n  ( 5 8  pph):  a) B lend  f i l l e r  r a w  m a t e r i a l s  
f o r  one  h o u r .  b )  D i s s o l v e  b i n d e r  i n  e q u a l  vo lume  of a c e t o n e  and  m i x  with 
f i l l e r  i n  a s i g m a  b l a d e  m i x e r  f o r  o n e  h o u r  a t  r o o m  t e m p e r a t u r e .  c )  H e a t  
m a t e r i a l  i n  a 75°C c i r c u l a t i n g  air oven  unt i l  all t he  a c e t o n e  is e v a p o r a t e d .  
d)  T h e  o t h e r  p r o c e s s i n g  s t e p s ,  e x c e p t  f o r  the 1000°C bak ing  s c h e d u l e ,  a r e  
the s a m e  as those  l i s t e d  f o r  F o r m u l a t i o n  N-o. 1,  s t a r t i n g  at S t e p  c  ( c r u s h i n g ) .  
T h e  1000°C bak ing  s c h e d u l e  to  b e  used  f o r  F o r m u l a t i o n  3 is: r u s h  t o  150°C ,  
r a i s e  f r o m  150°C t o  1000°C  at  1 0 ° C / h r ,  and  hold  at 1000°C f o r  4 h r s .  
F o r m u l a t i o n  No.  4 - C H P  A r t i f i c i a l  G r a p h i t e  (80  pbw) - WCA F i b e r s  
(20 pbw) - B a k e l i t e  B R P - 5 0 9 5  R e s i n  (67. 5  pph): a) B lend  s h r e d d e d  WCA c lo th ,  
wi th  g r a p h i t e  f o r  one  h o u r .  b )  M i c r o m i l l  t h e  b l ended  f i l l e r  m a t e r i a l ,  
c )  B lend  mi l l ed  f i l l e r  m a t e r i a l  f o r  one h o u r .  d )  The  o t h e r  p r o c e s s i n g  s t e p s  
a r e  t he  s a m e  as t h o s e  l i s t e d  f o r  F o r m u l a t i o n  No. 3, s t a r t i n g  a t  S t ep  b 
(mixing) .  
A P P E N D I X  I 
P R O C E D U R E S  USED TO CI-IARA C T E R I Z E  RAW MATERIALS 
Hel ium Density- 
Surface A r e a -  
Sc reen  Analysis  - 
Chemical  Analysis  - 
Emiss ion  Spectrographic  
Analysis  - 
Coking Value - 
Benzene Insoluble - 
Quinoline Insoluble - 
Softening Point-  
Elemental  Chemical  
Analysis  - 
Differential T h e r m a l  
Analysis - 
The-rrna-1 Gravirnetric 
Analysis  - 
Measured  with Beckrnan pycnometer  
B. E .  T .  method 
T y l e r  s tandard s c r e e n  s ieve ana lys i s  
A s h  measu red  p e r  ASTM C561 except 
680 " C overnight. 
Mois ture  measu red  by drying a t  105°C 
overnight . 
Modification of ASTM C562 
Conducted using J e r r e l l  Ash  emis s ion  
spectrograph 
Modified Conradson technique (ASTM 
D- 189- 52). Modification i s  fu rnace  
ins tead of ga s  bu rne r  f o r  heat  
Method based on ASTM D23 17 
Method based on ASTM D2318 
Method based on ASTM D23 19 
(C) Combustion techniques using 
g rav ime t r i c  analysis  
(H) Combustion techniques using 
g rav ime t r i c  ana lys i s  
( 0 )  LECO oxygen ana lyzer  
(N)  Kjeldahl method 
(S) X-ray  f luorescence 
Met t le r  t he rma l  ana lyzer  
Met t l e r  thermal. analyzer 
DEFINITION O F  TERMS A N D  SYMBOLS 
Bacon Anisotropy Fac to r ;  Bacon, G. E . ,  "A Method f o r  
Determining the Degree of *Orientation of Graphite, " 
Journal  of Applied Chemistry,  Volume 6, page 477 (1 956). 
Used by Group 6 M F -  13 of the Los Alamos Scientific 
Laboratory to measure  the overall  anisotropy of a molded 
mater ial .  
The exponent in  the cosine furrction I (4) = locosM+, which 
best descr ibes  the change in concentration of basal  planes 
with angle relative to molding axis .  Group CMF- 1 3  of the 
Los Alamos Scientific Laboratory used M a s  a measure -  
ment of p re fe r red  orientation. 
A l inear  par t ic le  dimension character is t ical ly  m e a s u r e  - 
able for  a l l  par t ic les  in the population of par t ic les .  
w 
- 0 . 5  obtained f r o m  a log prob-  The value of x = In d a t  - W W.  
1 
ability plot, of weight fraction ---- data ( a s  measured  by W 
a micsomerograph, a screen  o r  a MSA Sedimentation 
Par t ic le  Size analysis).  
Variance of x = In d obtained f rom a log probability plot 
W i 
of weight f ract ion - data. I ts  value equals the s%uare W 
1 - 
of the difference between the values of x = In d a t  - - 
W i W 0.8413 and - - 0. 5. W 
Variance of x = ln d obtained f rom a log probability plot 
n* 
of relative frequency -?- data ( a s  measured  by a mic ro -  
N 
scopic count). I ts  va,lue equals the squ- re of the differ- 
1 
N - 0,8413 and ence between the values of x = !n d at - 
n. 
I - 
- - 
N 0 .  5. Lewis  ard Goldman have sa id  to  assurne that 
a2 = 4' when c a i ~ ; u l a r i i ~ g  sample  statist^^ s. 
X X g  
A P P E N D I X  II (Gon t ' d )  
- 0. 5 obtained f rom a log The value of x = In d a t  -&- 
n. 
probability plot of relative frequency 2 data. @ = N 
A t 392 
x3 
'-'x X 
1 Sample mean comput,ed f r o m  weight fraction - data.  W 
a, exp [Ax3 + O .  4 2  x 1 
W i Sample variance computed f r o m  weight fraction - W 
data. 
A2 s2 f exp [ 2'$: + 8 o x ]  - exp [ 2$x +7$: ] d3 
n. 
1 Sample mean computed f rom relative frequency 
data. ~ f ; e ~ p [ ~ ~ + O . d ? ~ ] .  x 
Sample variance computed f r o m  relative frequency 
n.  I data. S: "n exp [ 2px " t d2 1 - ((I)2 
- 
N X 
Coefficient of variation. CVd = sd/a 
Note: = means approximately equal to 
means  est imates  o r  i s  estimated by 
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